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ABSTRACT
T h i s  s t u d y  p r e s e n t s  an  econom ic  e v a l u a t i o n  o f  two 
t r a n s p o r t a t i o n  s y s te m s  a s  a p p l i e d  t o  a  s p e c i f i c  mine  h a u l ­
age  o p e r a t i o n .
I n  t h e  f i r s t  p a r t  i t  e v a l u a t e s  t r a n s p o r t a t i o n  c o s t s  
by  means o f  a  f l e e t  o f  t r u c k s  o v e r  a  d i s t a n c e  o f  68  m i l e s .
I t  t a k e s  i n t o  a c c o u n t  t h e  a c t u a l  f e a t u r e s  o f  t h e  e x i s t i n g  
r o a d  and d e t e r m i n e s  t h e  o p t i m a l  number and t y p e  o f  t r u c k s  
t o  be  n e ed e d  f o r  t h e  r e q u i r e d  a n n u a l  p r o d u c t i o n .  I t  i s  
shown t h a t  t h i s  o p e r a t i o n  c a n  be  im p ro ved  a p p r e c i a b l y  by  
p a v i n g  t h e  r o a d .  T h i s  p a r t  i s  s o l v e d  b y  c o m p u t e r - a s s i s t e d  
s i m u l a t i o n .
R a i l r o a d  h a u l a g e  sy s te m  analysis i s  c o n t e m p l a t e d  i n  
t h e  s e c o n d  p a r t  . A s p e c t s  s u c h  as  b r e a c h i n g  j u n g l e  a r e a s ,  
c o s t  e s t i m a t e s  o f  j u n g l e  a c c e s s  t r a i l s ,  r a i l r o a d  e q u ip m e n t  
s e l e c t i o n ,  and c o s t s  e s t i m a t e s  f o r  t h i s  o p e r a t i o n  a r e  d e -  
t e r m in e d o  Com puter  p r o c e d u r e s  a r e  a l s o  u s e d  t o  d e t e r m i n e  
t r a v e l i n g  t i m e s .
F i n a l l y ,  a  c o m p a r i s o n  b e tw e e n  b o t h  s y s t e m s  i s  p e r f o r m e d .  
I t  i s  a p p a r e n t  t h a t  on t h e  b a s i s  o f  h a u l a g e  c o s t s  only ,  t h e  
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G e n e r a l
The B o l i v i a n  m in i n g  i n d u s t r y  i s  c h a r g e d  w i t h  t h e  r e ­
s p o n s i b i l i t y  o f  d e v e l o p i n g  and e x p l o i t i n g  i t s  m i n e r a l  r e ­
s o u r c e s  t o  s u s t a i n  i t s  economy w h ic h ,  i n d e e d ,  i s  t h e  b a s e  
o f  t h e  B o l i v i a ’ s economy. I t  i s  o b v i o u s  t h a t  t h e  demand 
f o r  m i n e r a l  c o m m o d i t i e s  i n  t h e  coming y e a r s  w i l l  i n c r e a s e  
m a n i f o l d .  G iv e n  a d e q u a t e  m i n e r a l  r e s o u r c e s ,  t h e  t a s k  o f  
e x p a n d i n g  p r o d u c t i o n  b y  a  f a c t o r  o f  t h r e e  o r  f o u r  o f f e r s  
no s m a l l  c h a l l e n g e .  The demand f o r  raw  m a t e r i a l s  i n  t h e  
m i n e r a l  a s p e c t  i s  c o m p l i c a t e d  by  t h e  f a c t  t h a t  m in i n g ,  u n ­
l i k e  t h e  o t h e r  i n d u s t r i e s ,  m a r k e t s  a  w a s t i n g  a s s e t .  Con­
sumed m i n e r a l  r e s o u r c e s  c a n n o t  be  r e p l e n i s h e d  and m o s t  o f  
t h e  h i g h - g r a d e ,  e a s i l y - m i n e d  d e p o s i t s  have  b e e n  e x h a u s t e d .  
However, t h e r e  s t i l l  a r e  some m i n e r a l  d e p o s i t s  w h ich  c a n  
be  c o n s i d e r e d  o f  r e l a t i v e l y  h i g h  g r a d e ,  b u t  t h e y  a r e  n o t  
m ined  o u t  b e c a u s e  o f  o t h e r  d i f f e r e n t  a s p e c t s  su c h  i n a c c e s ­
s i b i l i t y ,  i s o l a t i o n ,  w e a t h e r  c o n d i t i o n s ,  and so f o r t h .  An 
i r o n - m a n g a n e s e  d e p o s i t  l o c a t e d  i n  s o u t h e a s t  o f  B o l i v i a  i s  
one s u c h  d e p o s i t .
Two y e a r s  ago ,  C o r p o r a c i o n  U i n e r a  de B o l i v i a ,  t h e  
S t a t e ’ s B o l i v i a n  m in i n g  company,  s t a r t e d  p r e l i m i n a r y  work 
a t  E l  Mutun d e p o s i t .  F o r  t h e  e x p e r i m e n t a l  s t a g e  a  p i l o t
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p l a n t  w i t h  a 700 MTPD c a p a c i t y  was b u i l t  and an a c c e s s  r o a d  
from P u e r t o  S u a r e z  t o  t h e  mine was b u i l t .  The e x p l o i t a t i o n  
p h a s e  w i l l  b e g i n  by  w o rk in g  t h e  a l l u v i a l  d e p o s i t s  i n  t h e  
n a r r o w  v a l l e y s  o f  t h i s  a r e a .  The m in i n g  o f  these  a l l u v i a l s  
w i l l  l a s t  f o r  s e v e r a l  y e a r s .  The o r e s  w i l l  be c o n c e n t r a t e d  
i n  a  m i l l  and t h e n  t h e y  w i l l  be  t r a n s p o r t e d  t o  P u e r t o  B u sch ,  
a  h a r b o r  on t h e  P a r a g u a y  R i v e r ,  f rom whence t h e y  w i l l  be 
s h i p p e d  down t o  t h e  A r g e n t i n a  S t a t e  S t e e l  Company a t  San 
N i c o l a s ,  A r g e n t i n a .  I n  t h i s  s m e l t e r  t h e  c o n c e n t r a t e  w i l l  be 
c o n v e r t e d  i n t o  s t e e l .  F e a s i b i l i t y  s t u d i e s  have  d e t e r m i n e d  
t h a t  f o r  an  e c o n o m ic a l  o p e r a t i o n  t h e  minimum t o n n a g e  t o  be  
s h i p p e d  down t o  t h e  s m e l t e r  m us t  be  1 , 0 0 0 , 0 0 0  MTPY.
The h a u l a g e  o f  t h i s  c o n c e n t r a t e  f rom t h e  m i l l  t o  t h e  
r i v e r  h a r b o r  o v e r  a d i s t a n c e  o f  68  m i l e s  i s  t h e  t o p i c  o f  
t h i s  d i s s e r t a t i o n .
The u se  o f  t r u c k s  a s  a m a in  t r a n s p o r t a t i o n  sy s te m  
f o r  t h i s  o p e r a t i o n  i s  t h e  o r i g i n a l  p l a n  c o n t e m p l a t e d  by  
t h e  company’ s m anagem ent .  A two-way r o a d  was b u i l t  w i t h  
t h i s  p u r p o s e .
P rob le m  S t a t e m e n t
The h a u l a g e  c y c l e  c o n s i d e r e d  i n  t h i s  r e p o r t  c a n  be 
e x p l a i n e d  a s  f o l l o w s :  a f t e r  t h e  o r e  i s  t r e a t e d  i n  t h e  m i l l  
i t  i s  s t o r e d  i n  an o r e  b i n .  The t r u c k s  a r e  l o a d e d  from 
t h a t  b i n ,  l e a v i n g  t h e  l o a d i n g  a r e a  and b e g i n n i n g  t h e  l o n g  
d i s t a n c e  t r a v e l  t o w a rd  t h e  r i v e r  p o r t  a t  w h ich  t h e  c o n c e n ­
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t r a t e  i s  u n l o a d e d  i n t o  t h e  p o r t  f a c i l i t i e s .  A f t e r  diunping 
t h e  u n i t s  l e a v e  t h e  p o r t ,  m ak ing  t h e i r  way h a c k  t o  t h e  m i l l  
f o r  r e l o a d i n g .
The optimum s e l e c t i o n  and a s s i g n m e n t  o f  e q u ip m e n t  
w i l l  a c h i e v e  maximum p r o f i t  f o r  t h e  company. The a n a l y s i s  
d e s c r i b e d  i n  t h i s  r e p o r t  a s s i s t s  management i n  t h e  s e l e c ­
t i o n  o f  t h e  b e s t  s y s te m  o f  o r e  t r a n s p o r t a t i o n .  B o th  a 
t r u c k  and a r a i l r o a d  sy s te m  a r e  c o n s i d e r e d .
P u r p o s e  and Scope
The o n l y  c e r t a i n  and a b s o l u t e  way management c a n  d e t e r ­
mine c o s t  and p r o d u c t i v i t y  o f  any  m in i n g  s y s te m  i s  t o  i n ­
s t a l l  end o p e r a t e  t h e  s y s t e m .  However, when s y s t e m s  i n v o l v e  
l a r g e  c a p i t a l  e x p e n d i t u r e s  t h i s  p r o c e d u r e  i s  se ld o m  e c o n ­
o m i c a l l y  f e a s i b l e  and p r a c t i c a l .  The p r o b a b i l i s t i c  n a t u r e  
o f  m in i n g  and p r o d u c t i o n  would  n e c e s s i t a t e  a  l e n g t h y  e x p e r  
im e n t  f o r  e a c h  a l t e r n a t i v e  t o  l o c a t e  t h e  optimum s y s t e m .  
S i m u l a t i o n  p r o v i d e s  a  b e t t e r  a p p r o a c h .  S i m u l a t i o n  m eth o ds  
a r e  u s e d  when t r u c k  s t u d i e s  a r e  made.  S t a n d a r d  s i m u l a t i o n  
i s  em ployed  as  w e l l  i n  t h e  r a i l r o a d  a n a l y s i s . .
S u m m ar iz ing ,  t h i s  s t u d y  p e r f o r m s  t h e  a n a l y s i s  o f  s e ­
q u e n t i a l  o p e r a t i o n s  and c o s t s  f o r  a  t r u c k  h a u l a g e  s y s te m ,  
makes a c o s t  e s t i m a t i o n  f o r  a  r a i l r o a d  o p e r a t i o n  and, f i n a l ­
l y ,  co m p ares  b o t h  a l t e r n a t i v e s  g iv in g  management  ways o f  
e v a l u a t i n g  su c h  s y s t e m s  w i t h o u t  c h a n g i n g  t h e  a c t u a l  o p e r a ­
t i o n .
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The r e s u l t s  o b t a i n e d  a r e  a n a l y z e d ,  and some t h o u g h t s  
a r e  g i v e n  p e r t a i n i n g  t o  t h e  p r a c t i c a l  a p p l i c a t i o n  o f  e a c h  
s y s t e m .
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FACTORS REQUIRING SPECIAL CONSIDERATION ■
L o c a t i o n
The "E l  Mutun" d e p o s i t  l i e s  i n  t h e  s o u t h e a s t  c o r n e r  
o f  B o l i v i a *  The p i l o t  p l a n t ,  a l r e a d y  i n  o p e r a t i o n ,  i s  l o ­
c a t e d  17 M i l e s  due s o u t h  o f  P u e r t o  S u a r e z ,  a  s m a l l  tow n i n  
t h e  B o l i v i a n - B r a s i l i a n  h o r d e r ,  w h ich  c o n s t i t u t e s  t h e  n e a r ­
e s t  town  t o  t h e  d e p o s i t  s e r v i n g  as  a  c o n n e c t i o n  p o i n t  w i t h  
t h e  r e s t  o f  t h e  c o u n t r y *  P u e r t o  S u a r e z  i s  390 m i l e s  by  
r a i l  e a s t  from S a n t a  Cruz  de l a  S i e r r a ,  and 680 m i l e s  f rom 
Cochabamba C i t y  ( s e e  F i g u r e  1 * ) .
G eography  and C l im a te  o f  t h e  Zone
The a r e a  i n  w h ich  t h e  t r a n s p o r t a t i o n  sy s te m  i s  l o c a t e d  
c o r r e s p o n d s  t o  t h e  low l a n d s  l y i n g  i n  t h e  m id d l e  o f  S o u th  
A m e r ic a .  I n  g e n e r a l ,  i t  i s  a  f l a t  l a n d  w i t h  s l i g h t  u n d u l a ­
t i o n s ,  i s o l a t e d  d e p r e s i o n s ,  and d e e p ,  f e r t i l e  s o i l .  The s u r ­
f a c e  c o v e r  c o n s i s t s  o f  s e d i m e n t s  o f  a l l u v i a l  and a e o l i a n  
o r i g i n  t r a n s p o r t e d  by  w a t e r  and wind from t h e  Andes Moun­
t a i n s  and t h e  B r a s i l i a n  H i g h l a n d .  Below t h e  u n c o n s o l i d a t e d  
m a t e r i a l  a r e  h o r i z o n t a l  s t r a t a  r e s t i n g  on a  g r a n i t e  b a s e .
The c l i m a t e  c o r r e s p o n d s  t o  t h e  t r o p i c a l  r e g i o n s .  The 
t e m p e r a t u r e  i s  g e n e r a l l y  warm, humid,  and w i t h  h e a v y  r a i n ­
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ween 35 and 45 i n .  T h i s  p a r t  o f  B o l i v i a  i s  v e r y  t h i n l y  
p o p u l a t e d ,  m ost  o f  t h e  i n h a b i t a n t s  b e i n g  f a r m e r s .
B u i ld in g ;  Roads i n  J u n g l e  A reas
The c o n s t r u c t i o n  o f  p e rm a n e n t  r o a d s  i n  j u n g l e  a r e a s ,  
e s p e c i a l l y  i n  t h e  p r e s e n t  c a s e  i n  w hich  t h e  works  a r e  
b e i n g  d e v e l o p e d  i n  t h e  c e n t e r  o f  t h e  c o n t i n e n t  p r e s e n t s  
two m a jo r  d i f f i c u l t i e s :  1 ) t h e  i s o l a t i o n ,  and 2 ) t h e  c l i ­
m a t e .
The i s o l a t i o n  means t h a t  any p r o j e c t  m us t  be l a r g e l y  
s e l f - s u f f i c i e n t ,  and f o r  l o n g e r  p e r i o d s  t h a n  i s  n o r m a l .  
S e l f - s u f f i c i e n c y  i n v o l v e s  n o t  o n l y  t h e  s u p p l y  o f  h a r d w a r e ,  
p e r s o n n e l ,  and e n g i n e e r i n g  cap ac i ty  b u t  a l s o  s u c h  m a t t e r s  
a s  t e c h n i c a l  r e f e r e n c e  m a t e r i a l s ,  c o m m u n ic a t io n  e q u ip m e n t ,  
an d  t h e  l i k e .
The c l i m a t e  i s  v e r y  dem anding  on men and m a c h i n e s .  The 
h e a v y  r a i n f a l l  d u r i n g  t h e  Summer m onths  fo rm s  l a g o o n s  and 
t u r n s  t h e  l a n d  swampy; t h e  d r a i n a g e  i s  s lo w .  I t  h a s  b e e n  
r e p o r t e d  t h a t  d u r i n g  J a n u a r y  and F e b r u a r y  t h e  h i g h e s t  t em ­
p e r a t u r e s  o f  t h e  c o n t i n e n t  a r e  fo u n d  i n  t h i s  r e g i o n .
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METHODS OF ANALYSIS AND THEIR LIMITATIONS
The f o l l o w i n g  m e th od s  o f  a n a l y s i s  c a n  p r o v i d e  t h e  
n e c e s s a r y  means t o  s o l v e  an o p t i m i z a t i o n  p r o c e s s :
C o n v e n t i o n a l  Methods - C a l c u l u s
The c l a s s i c a l  m e tho d s  o f  C a l c u l u s  p r o v i d e  e l e g a n t  
s o l u t i o n s  t o  a  r e l a t i v e l y  l i m i t e d  number o f  p r o b l e m s .  C a l ­
c u l u s  i s  i n  f a c t  p r i n c i p a l l y  a p p l i c a b l e  t o  p r o b le m s  i n v o l v ­
i n g  f o r c e  f i e l d s  s u c h  a s  t h o s e  o f  g r a v i t y ,  e l e c t r o m a g n e t i s m ,  
s t r e s s e s ,  and f i e l d  p r e s s u r e s .  T hese  s i t u a t i o n s  a r e ,  u n f o r ­
t u n a t e l y ,  o f  l i m i t e d  r e l e v a n c e  t o  many o f  t h e  p r o b le m s  i n  
t h e  d e s i g n  and o p e r a t i o n  o f  l a r g e - s c a l e  s y s te m s  l i k e  
t h e  one c o n s i d e r e d  i n  t h i s  t h e s i s .  T hu s ,  c a l c u l u s  i s  n o t  
a p p l i c a b l e ,  i n  s i t u a t i o n s  where  a  l a r g e  number o f  v a r i a b l e s  
a r e  n o t  c o n t i n u o u s  f u n c t i o n s  and do n o t  have  c o n t i n u o u s  
d e r i v a t i v e s  a t  a l l  p o i n t s ,  w h ich  i s  t r u e  o f  t h e  p r e s e n t  
c a s e .
Dynamic Program ming
Dynamic P rogram ming  i s  a t e c h n i q u e  t h a t  c a n  b e  u s e d  i n  
a  s p e c i f i c  f u n c t i o n  s u b j e c t  t o  a  few c o n s t r a i n t s ,  e .  g .  two 
o r  t h r e e .  I t  i s  m o s t l y  u s e d  i n  a l l o c a t i o n  p r o b le m s  and o f t e n  
u s e f u l  f o r  m ak ing  a  s e q u e n c e  o f  i n t e r r e l a t e d  d e c i s i o n s .
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Dynamic p rogram m ing  i s  a  g e n e r a l  t y p e  o f  a p p r o a c h  t o  p r o b ­
lem s o l v i n g ,  and t h e  p a r t i c u l a r  e q u a t i o n s  u s e d  m ust  be d e ­
v e l o p e d  t o  f i t  e a c h  i n d i v i d u a l  s i t u a t i o n .
The l a r g e  number o f  c o n s t r a i n t s  t a k e n  i n t o  a c c o u n t  i n  
t h i s  s t u d y  i s  t h e  m a in  r e a s o n  f o r  n o t  u s i n g  t h i s  t e c h n i q u e .
L in e  a r  Program m ing
L i n e a r  p rogram m ing  i s  a p p l i e d  t o  s i t u a t i o n s  d e a l i n g  
w i t h  e i t h e r  m a x im iz in g  o r  m i n i m i z i n g  t h e  v a l u e  o f  some 
l i n e a r  ( o b j e c t i v e )  f u n c t i o n  s u b j e c t  t o  a  s e t  o f  l i n e a r  
c o n s t r a i n t s  , The c o e f f i c i e n t s  r e l a t i n g  i n p u t  and o u t p u t  
a r e  known. T h e re  a r e  no p r o v i s i o n s  made f o r  r e l a t i o n s h i p s  
s u b j e c t  t o  random f l u c t u a t i o n s  o r  e r r o r s  i n  d e t e r m i n a t i o n s .  
A l l  o f  t h e s e  l i m i t a t i o n s  make l i n e a r  p rogram m ing  u n s u i t a b l e  
f o r  a  s t u d y  where  l aw s  o f  p r o b a b i l i t i e s  and c h anc e  p l a y  a  
k e y  r o l e  i n  t h e  p r o c e s s .  T h us ,  t h i s  t e c h n i q u e  i s  n o t  a p ­
p l i c a b l e  i n  t h i s  p r o b le m .
S ys tem s  S i m u l a t i o n
Sys tem s  s i m u l a t i o n  i s  a m ethod  u s e d  t o  r e p r o d u c e  and 
m a n i p u l a t e  t h e  p r o d u c t i o n  p r o p e r t i e s  o f  a r e a l  w o r ld  s y s te m  
i n  t h e  r e d u c e d  form o f  a m o d e l .  S i m u l a t i o n  does  n o t  a lw ays  
g i v e  n u m e r i c a l  a n s w e r s  b u t  p r o v i d e s  a  s e t  o f  sub -op t im um  
s o l u t i o n s  from w hich  t h e  r e q u i r e d  a n sw e rs  c a n  be s e l e c t e d  
f o r  t h e  e x i s t i n g  o p e r a t i n g  c o n d i t i o n s  o r  f o r  t h e  p r o p o s e d
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o p e r a t i o n s  o r  c h a n g e s  i n  t h e  s y s t e m .
Sys tem s s i m u l a t i o n  i s ,  i n  m ost  c a s e s ,  a s t o c h a s t i c  op ­
t i m i z a t i o n  t o o l ,  t h o u g h  m od e ls  o f  d e t e r m i n i s t i c  o p t i m i z a t i o n  
a r e  n o t  uncommon.
The sy s te m  u n d e r  s t u d y  i s  a  s t o c h a s t i c  p r o c e s s ,  which  
i n v o l v e s  a l a r g e  number o f  v a r i a b l e s ;  c o n s e q u e n t l y ,  s im u ­
l a t i o n  p r o c e d u r e s  a r e  w e l l  s u i t e d  f o r  s o l v i n g  and o p t i m i z i n g  
t h e  p r o b le m .
S i m u l a t i o n  o f f e r s  t o  d e c i s i o n  m ak e rs  a  u n i q u e  o p p o r ­
t u n i t y  t o  e x p e r i m e n t  w i t h  p r o p o s e d  o p e r a t i o n a l  c h a n g e s  w i t h ­
o u t  a l t e r i n g  t h e  a c t u a l  c o n d i t i o n s .
The t r e n d  to w a rd  t h i s  method h a s  b e e n  a c c e l e r a t e d  
r a p i d l y  by  t h e  w i d e s p r e a d  a v a i l a b i l i t y  o f  h i g h - s p e e d  d i g i t a l  
c o m p u t e r s ,  v/hich r e d u c e  t h e  t im e  r e q u i r e d  f o r  c o m p u t a t i o n  
and c a n  a l s o  g e n e r a t e  t h e  n e c e s s a r y  random num bers  r e q u i r e d  
. f o r  s i m u l a t i o n .  T h u s ,  t h e  e x p a n s i o n  o r  c o m p r e s s i o n  o f  t im e  
i s  p o s s i b l e  and a  p ro b le m  a r e a  c an  be a n a l y z e d  more c r i t i ­
c a l l y .
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TRUCK HAULAGE ANALYSIS
G e n e r a l
The o p t i m i z a t i o n  o f  a  f l e e t  o f  t r u c k s  f o r  t h e  c o n c e n ­
t r a t e  h a u l a g e  sy s te m  i s  a c c o m p l i s h e d  by  u s i n g  s i m u l a t i o n .  
T h i s  c h a p t e r  d i s c u s s e s  and ' a n a l y s e s  t h e  d i f f e r e n t  c o n c e p t s  
and  t e c h n i q u e s  u s e d  i n  c a l c u l a t i n g  s u c h  i t e m s  a s  t r a v e l i n g  
t i m e s ,  a n n u a l  c o s t s ,  and c o s t s  p e r  t o n  f o r  e a c h  u n i t y  i n  
t h e  s y s t e m .
Two k i n d s  o f  s i m u l a t i o n  a r e  u s e d  in . t h i s  d i s s e r t a t i o n :  
p r o b a b i l i s t i c  s i m u l a t i o n  i s  employed  w henever  c e r t a i n  s e r v ­
i c i n g  t i m e s  a r e  t a k e n  i n t o  a c c o u n t  and w hich  r e c o g n i z e s  
t h e  p r o b a b i l i s t i c  n a t u r e  o f  t h e  s i t u a t i o n  i n v o l v e d ;  on t h e  
o t h e r  h a n d ,  t h e  movement o f  t r u c k s  a l o n g  t h e  h a u l  r o a d s  i s  
c a l c u l a t e d  by  u s i n g  s t a n d a r d  s i m u l a t i o n .  T h is  l a s t  t e c h n i q u e  
e n a b l e s  e a c h  v e h i c l e  t o  p e r f o r m  a c c o r d i n g  t o  i t s  m e c h a n i c a l  
c h a r a c t e r i s t i c s  and t h e  t y p i c a l  p r o f i l e  o f  t h e  r o a d .  The 
n e e d  o f  a  d i g i t a l  co m p u te r  i s  o f  pa ra m o u n t  i m p o r t a n c e  i n  
p e r f o r m i n g  t h e  huge number o f  c a l c i i l a t i o n s 0 The c o m p u te r  a c ­
c o m p l i s h e s  t h e  s t a g g e r i n g  c o m p u t a t i o n a l  and b o o k - k e e p i n g  
w ork  and f u r n i s h e s  n e c e s s a r y  means f o r  c o m p r e s s i n g  t h e  t im e  
s c a l e  b y  a l l o w i n g  s e v e r a l  d a y s ’ o p e r a t i o n s  t o  be s i m u l a t e d  
i n  a  m a t t e r  o f  m i n u t e s .
11
ER- 1556 12
F u l l  S i m u l a t i o n
B ecause  o f  t h e  f a c t  t h a t  t h i s  s t u d y  d e a l s  w i t h  t h e  
d e v e lo p m e n t  o f  a  new mine t h e r e  i s ,  so m e t im e s ,  i n s u f f i c i e n t  
d a t a  a v a i l a b l e .  T h e r e f o r e ,  some a s s u m p t i o n s  a r e  n e c e s s a r y .  
The i n p u t  d a t a  f o r  t h e  c o m p u te r  p rog ram  was o b t a i n e d  from 
h i s t o r i c a l  d a t a  g a t h e r e d  from e a r l i e r  s t u d i e s  c a r r i e d  o u t  
u n d e r  s i m i l a r  c i r c u m s t a n c e s .
C o n s i d e r i n g  t h a t  t h e  d a t a  c a n  be  d e s c r i b e d  a c c u r a t e l y  
b y  a  s t a n d a r d  p r o b a b i l i t y  d i s t r i b u t i o n ,  o n l y  c h a r a c t e r i s t i c  
p a r a m e t e r s  o f  t h e  d i s t r i b u t i o n  i n d i c a t i n g  a d e g r e e  o f  c e n ­
t r a l  t e n d e n c y ,  su c h  as  t h e  mean, and a d e g r e e  o f  d i s p e r s i o n ,  
s u c h  as  t h e  s t a n d a r d  d e v i a t i o n ,  a r e  n e e d e d  b y  t h e  c o m p u t e r .  
Random e l e m e n t  t i m e s  c a n  t h e n  be  c a l c u l a t e d  d i r e c t l y  w i t h  
a n  a l g e b r a i c  e q u a t i o n ;  t h i s  f a c t  a l l o w s  a r e d u c t i o n  i n  t h e  
number o f  c a l c u l a t i o n s  p e r f o r m e d  and t h u s  t h e  economy as  
w e l l  a s  t h e  e f f i c i e n c y  i s  im p ro v e d .
The h a u l a g e  was e x p l a i n e d  e a r l i e r .  The e x i s t e n c e  o f  an  
o v e r h e a d  h o p p e r  i s  c o n t e m p l a t e d  b e c a u s e  t h e r e  a r e  no l i m i ­
t a t i o n s  as  f a r  a s  t h e  t y p e  o f  m a t e r i a l  t o  be  h a n d l e d  w h ich  
i s  n o t  b u l k y  and f l o w s  f r e e l y .  L o a d in g  t i m e s  were o b t a i n e d  
f rom  h o p p e r  m a n u f a c t u r e r s  and s u c h  i n f o r m a t i o n  i s  u s e d  as  
i n p u t  i n  t h e  p r o g r a m .  T a b le  1 .  shows l o a d i n g  t i m e s  f o r  e a c h  
t r u c k  s i z e  u n d e r  s t u d y .  D a ta  r e f e r r e d  t o  t u r n i n g ,  s p o t t i n g ,  
and  dumping t i m e s  was o b t a i n e d  from a  s t u d y  p e r f o r m e d  b e f o r e  
( B a n d e i r a  1969)#  F i g u r e s  f o r  t h e  t h r e e  t y p e s  o f  v e h i c l e s  
c o n s i d e r e d  a r e  g i v e n  i n  T a b le  2.
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T a b l e  1* L o a d in g  Times U s in g  an O v erhead  Hopper
Tr u c k  S i z e  (T o n s )  L o a d in g  Times (m in )  
35 3 . 5
45 3 . 8
50 4 . 0
T a b l e  2 .  T u r n i n g ,  S p o t t i n g ,  and Dumping Times
T r u c k  S i z e  ( T o n s )  T u r n i n g ,  S p o t t i n g  and S p o t t i n g  Time a t  
_____________________ Dumping-Times (m in )  S t o r a g e  B in  (m in )
35 1 . 3  0 . 3
45 1 . 3  0 . 3
50 1 . 3  0 . 3
A S t a n d a r d  S i m u l a t i o n  o f  T r u c k  P e r f o r m a n c e
As h a s  p r e v i o u s l y  s t a t e d ,  s t a n d a r d  s i m u l a t i o n  i s  u s e d  
h e r e  f o r  o n l y  one o p e r a t i o n  i n  t h e  m odel  - t h a t  o f  d e t e r m i n ­
i n g  t h e  t h e o r e t i c a l  p e r f o r m a n c e  o f  t h e  h a u l  t r u c k s  a l o n g  
t h e  r o a d .  I n  t h i s  \ i ay t h e  a c t u a l  t r u c k  p e r f o r m a n c e  c a n  be 
c l o s e l y  e s t i m a t e d .
T r u c k  p e r f o r m a n c e  c h a r a c t e r i s t i c s  a r e  commonly e x ­
p r e s s e d  i n  g r a p h s  show ing  d e v e l o p e d  t r a c t i v e  e f f o r t  as  a  
f u n c t i o n  o f  t r u c k  s p e e d .  An exam ple  i s  shown i n  F i g u r e  2. 
R i m - p u l l  i s  e q u i v a l e n t  t o  t h e  t r a c t i v e  e f f o r t  d e v e l o p e d  by
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t h e  t r u c k * s  e n g i n e  and power t r a i n ,  a s su m in g  no w h e e l  s l i p  
on t h e  ro a d w a y .  Only a p o r t i o n  - o n  t h e  o r d e r  o f  75 p e r c e n t -  
o f  t h e  e n g i n e * s  r a t e d  pow er ,  d e p e n d in g  on t h e  s p e e d ,  i s  
a v a i l a b l e  t o  c r e a t e  n e c e s s a r y  t r a c t i v e  e f f o r t ,  t h e  b a l a n c e  
b e i n g  l o s t  i n  t h e  power t r a i n  and a c c e s o r i e s .  I.Iore power i s  
l o s t  a t  low t r u c k  s p e e d s  b e c a u s e  o f  g r e a t e r  g e a r  r e d u c t i o n s  
i n v o l v e d .  I f  i t  were  n o t  f o r  t h i s  t h e  r i m - p u l l  d e v e l o p e d  
w ou ld  have  a h y p e r b o l i c  r e l a t i o n s h i p  w i t h  r e s p e c t  t o  t h e  
v e l o c i t y .
K
R i m - p u l l  =  ------------------
V e l o c i t y
I n  f a c t ,  t h e  p e r f o r m a n c e  c u r v e s  o f  a l l  t r u c k s  a p p r o x i ­
m a te  h y p e r b o l i c  c u r v e s ,  w i t h  s m a l l  d e v i a t i o n s  r e l a t e d  xo 
g e a r  r a t i o s  and t o r q u e  c o n v e r t e r  c h a r a c t e r i s t i c s ,  w i t h i n  
t h e  s p e e d  r a n g e  o f  t h e  v e h i c l e .
Under  l o a d  t h e  t r a c t i v e  e f f o r t  i s  ex p en d e d  i n  o ve rcom ­
i n g  t h e  r o l l i n g  r e s i s t a n c e  on t h e  r o a d ,  t h e  g r a d e ,  and i n  
a c c e l e r a t i n g  t h e  t r u c k  and i t s  l o a d .  As t h e  t r u c k  g a i n s  
s p e e d  t h e  t r a c t i v e  e f f o r t  a v a i l a b l e  f o r  a c c e l e r a t i o n  d i m i n ­
i s h e s ,  so t h a t  t h e 1 t r u c k  a p p r o a c h e s  some maximum s p e e d  f o r  
a  g i v e n  c o m b i n a t i o n  o f  e n g i n e  power ,  g r o s s  v e h i c l e  w e i g h t ,  
g r a d e ,  and r o a d  c h a r a c t e r i s t i c s .
The p ro b lem  o f  t h e  d e s i g n e r  o f  t r u c k  s i m u l a t o r  p ro g ram  
i s  t o  d e t e r m i n e  t h e  s p e e d  o f  t h e  t r u c k  o v e r  e a c h  i n c r e m e n t  
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m ent .  The suraation o f  t h e s e  in c r e m e n ta l  t im e s  i s  the  t o t a l  
t im e  r e q u ir e d  t o  go from the  l o a d i n g  p o i n t  t o  the  dumping 
point*. A s i m i l a r  c a l c u l a t i o n  d e ter m in e s  th e  t ime f o r  the  
r e t u r n  t r i p .
The problem i s  c o m p l ic a t e d  by the  e x i s t e n c e  o f  a r t i f i ­
c i a l  c o n s t r a i n t s .  For example,  speed l i m i t s  may be imposed  
i n  th e  i n t e r e s t  o f  s a f e t y  or t o  p r e v e n t  a c c e l e r a t e d  d e t e r i ­
o r a t i o n  o f  th e  equipment and t i r e s .  These may v a ry  e r r a t i c a l ­
l y ,  a c c o r d in g  t o  th e  f a c t o r s  a f f e c t i n g  th e  r o u t e .  These  
c o n s t r a i n t s  must be ta k e n  i n t o  c o n s i d e r a t i o n ,  i n  a d d i t i o n  
t o  t h o s e  p e r t a i n i n g  t o  the  road s u r f a c e ,  th e  g r a d e ,  and 
r e l a t e d  f a c t o r s .
The a c c e l e r a t i o n  t h a t  can be produced by t h e  a v a i l a b l e  
r i m - p u l l  i s  o b t a in e d  from Newton's  Second Law o f  Motion:
F =  ( m a s s ) ( a c c e l e r a t i o n )  or
F — ma
where F i s  th e  n e t  r i m - p u l l  a f t e r  d e d u c t i o n  o f  th e  e f f e c t s  
o f  grade and r o l l i n g  r e s i s t a n c e  and t h e  mass i s  t h a t  o f  the  
t r u c k  and i t s  l o a d .  I t  i s  c o n v e n ie n t  t o  e x p r e s s  th e  a c c e l ­
e r a t i o n  as "m iles  per  hour per  second" or mphps. I t  i s  a l s o  
c o n v e n i e n t  t o  e x p r e s s  t h i s  as a f u n c t i o n  o f  th e  t r a c t i v e  e f ­
f o r t  per t o n  o f  th e  v e h i c l e  w e i g h t .
The f o l l o w i n g  form ula  i s  used:
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T r a c t i v e  e f f o r t / t o n  o f  g r o s s  v e h i c l e  w e i g h t
a  ~  ----------------------------------- - ------------------ - ------------------------
2000  l b s / t o n  x 5280 f t / m i l e  
3 2 . 2  f t / s e c ^  3 600  s e c / h r
whence
a  — O.Ollmphps p e r  pound o f  t r a c t i v e  e f f o r t  p e r  t o n
A s i n g l e  segm en t  l e v e l  h a u l  r o a d  would he t h e  s i m p l e s t  
c a s e  t o  he c o n s i d e r e d .  With  a  g r a d e  r e s i s t a n c e  o f  z e r o  t h e  
t o t a l  r e s i s t a n c e  would  he e q u a l  t o  t h e  r o l l i n g  r e s i s t a n c e .  
The p o t e n t i a l  v e l o c i t y  i s  c a l c u l a t e d  from t h e  r e l a t i o n s h i p  
e x i s t e n t  b e tw e e n  v e l o c i t y  and r i m - p u l l  i n  t h e  p e r f o r m a n c e  
c u r v e s  ( F i g u r e  3 * ) »  The t r u c k ’ s a c c e l e r a t i o n  w i l l  i n c r e a s e  
a t  a  r a p i d  r a t e  from s t a n d s t i l l .  The a c c e l e r a t i o n  r a t e  i s  
r e d u c e d  as  v e l o c i t y  i n c r e a s e s  u n t i l  t h e  t r a c t i v e  e f f o r t
© r a k i n g  D i s t vC o n s t .  V e lo c .A c c e l .  D i s t ?
o
T o t a l  D i s t a n c e
F i g u r e  3 .  V e l o c i t y  P r o f i l e  o f  a S i n g l e  Segment Road
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e q u a l s  t h e  combined r o l l i n g  and g r a d e  r e s i s t a n c e ,  a t  w h ich  
t i m e  a  s t e a d y  s t a t e  v e l o c i t y  i s  a c h i e v e d .  T h i s  c o n d i t i o n  
w i l l  c o n t i n u e  u n t i l  i t  s h o u l d  be n e c e s s a r y  t o  b r i n g  t h e  
t r u c k  t o  a s t o p .
S i m u l a t i o n  P r o c e d u r e s
S i m u l a t i o n  demands t h e  u s e  o f  a  h i g h - s p e e d  d i g i t a l  
c o m p u t e r .  Even th o u g h  m o d e r a t e l y  com plex  s y s te m s  c a n  e a s i l y  
e x h a u s t  s t o r a g e  c a p a c i t y  i n  s m a l l  c o m p u te r s  p o p u l a r  i n  i n ­
d u s t r y ,  i t s  a b i l i t y  t o  " s p e e d - u p - t i m e " g i v e s  t o  t h i s  t e c h ­
n i q u e  a s t r o n g  a d v a n t a g e  and u s e f u l n e s s .
The c o m p u te r  p rog ram  u s e d  t o  d e t e r m i n e  t r u c k  t r a v e l  
t i m e s  was m o d i f i e d  from one d e v e l o p e d  a t  t h e  C o lo r a d o  
S c h o o l  o f  Mines f o r  u s e  i n  a  c o u r s e  i n  s u r f a c e  m i n i n g .  I t s  
u s e  p e r m i t s  t h e  e v a l u a t i o n  o f  t h e  p e r f o r m a n c e  c h a r a c t e r i s ­
t i c s  o f  d i f f e r e n t  t r u c k s  o v e r  d i f f e r e n t  r o a d  s u r f a c e s  and 
p r o f i l e s .  T h re e  t y p e s  o f  t r u c k s ,  n am e ly  3 5 - ,  4-5-, and  50-  
t o n  c a p a c i t y ,  o v e r  two d i f f e r e n t  s u r f a c e  r o a d  t y p e s  - t h e  
one w h ich  s i m u l a t e s  t h e  e x i s t i n g  r o a d  w i t h  a  r o l l i n g  r e s i s t  
a n c e  o f  3 p e r c e n t  (6 0  l b s  p e r  t o n )  and a p a v ed  r o a d  w i t h  a  . 
r o l l i n g  r e s i s t a n c e  o f  1 . 5  p e r c e n t  ( 3 0  l b s  p e r  t o n ) -  were  
t e s t e d .  One h u n d r e d  and t w e l v e  s e g m e n t s  were  c o n s i d e r e d .
T h i s  c o m p u te r  p rog ram  r e q u i r e s  t h e  u s e  o f  two d a t a  
f i l e s :  t h e  f i r s t  one c o n t a i n i n g  d e s c r i p t i v e  i n f o r m a t i o n  
a b o u t  t r u c k  r o u t e  and t h e  s e c o n d  one g i v i n g  v e h i c l e  c h a r -
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a c t e r i s t i c s  i n f o r m a t i o n .  The f i l e  w i t h  t h e  t r u c k  r o u t e  h a s  
f e a t u r e s  o f  t h e  r o a d  s u c h  as  l e n g t h  o f  s e g m e n t ,  g r a d e  o f  
s e c t i o n ,  s u r f a c e  code  ( r o l l i n g  r e s i s t a n c e  c o r r e s p o n d i n g  t o  
e a c h  s e c t i o n ) ,  sp e e d  l i m i t ,  and s e c t i o n  num ber .  V e h i c l e  
c h a r a c t e r i s t i c s  i n p u t  t h e  f o l l o w i n g  i n f o r m a t i o n :  n e t  v e h i ­
c l e  w e i g h t ,  t r u c k * s  p a y l o a d ,  and p e r f o r m a n c e  d a t a  on  t h e  
v e h i c l e :  s p e e d  a t  w h ich  e v a l u a t i o n  i s  made,  t r a c t i v e  e f f o r t  
a t  t h a t  s p e e d ,  and maximum r e t a r d i n g  f o r c e s  a t  s p e e d  c o n s i d ­
e r e d .
A l i s t i n g  o f  t h i s  p ro g ram  a lo n g  w i t h  a t y p i c a l  c o m p u te r  
o u t p u t  i s  g i v e n  i n  A ppendix  I .
O w n ersh ip  and o p e r a t i n g  c o s t s  p e r  u n i t  t h e  s y s te m  
a r e  d e t e r m i n e d  b y  means o f  a c o m p u te r  p rog ram  w r i t t e n  w i t h  
t h i s  p u r p o s e .  A ppend ix  I I .  d i s c u s s e s  t h e  d i f f e r e n t  a s p e c t s  
t a k e n  i n t o  c o n s i d e r a t i o n  i n  p e r f o r m i n g  s u c h  c a l c u l a t i o n  and 
a l s o  shows t h e  c o m p u te r  p ro g ram  l i s t i n g  a s  w e l l  a s  t h e  r e ­
s u l t s  o b t a i n e d  f o r  t h e  t h r e e  t r u c k s  u n d e r  s t u d y .
The s t o c h a s t i c  n a t u r e  o f  t h e  p r o c e s s  i s  c o n t e m p l a t e d  
i n  t h e  p r o b a b i l i s t i c  s i m u l a t o r *  I t  u s e s  t h e  t r a v e l  t i m e s  
g i v e n  by  t h e  f i r s t  s i m u l a t o r ,  and t h e  u n i t a r y  c o s t s  o b t a i n e d  
i n  t h e  p rog ram  o f  c o s t s .  The m odel  makes t h e  f o l l o w i n g  a s ­
s u m p t io n s  :
1 .  T ru c k s  a r e  n o t  a l l o w e d  t o  p a s s  e a c h  o t h e r  i n  t h e  
same d i r e c t i o n
2.  No a l l o w a n c e  f o r  a d j u s t m e n t s  due t o  b reak d ow n s  i s  
made
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T a b l e  3• T r a v e l i n g  Times T a b l e
T ru c k S u r f , T ime Adjus ted .
Type Code* m m . Time Min.
A 1 297 356
35-Ton 3 363 ^36
B 1 308 370
4 5 -T on 3 374 449
C 1 271 325
5 0 -Ton 3 3^8 418
* Code 1 c o r r e s p o n d s  t o  a  r o l l i n g  r e s i s t a n c e  = 1.5$GVW 
Code 3 c o r r e s p o n d s  t o  a  r o l l i n g  r e s i s t a n c e  = 3 •0/GVW
Die 4 . C o s t p e r  Ton T a b le
T ru ck S u r f . No, o f D e la y L o a d . H a u l i n g C o s t /
T y p e .. Code T r u c k s T ime* Time* Time* !  on 8
A 1 49 311 6218 8 2 8 , 2 1 1 2 ,4 8 9
35-Ton 3 60 . 306 6114 1 , 0 1 6 , 6 1 9 3 . 0 6 0
B 1 39 385 7696 8 3 8 , 3 6 9 2 . 3 6 2
4 5-T on 3 47 393 7852 1 ,04-3,485 2 .8 7 5
C 1 31 410 8196 7 3 3 ,8 7 5 ’ 2 .0 9 7
5 0 - t o n 3 4o 409 8172 9 5 4 ,0 7 7 2 . 7 2 8
*Time g i v e n  i n  m i n u t e s
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3 .  C yc le  t i m e s  a r e  su p p o s e d  t o  be d i s t r i b u t e d  a c c o r d i n g  
t o  t h e  n o rm al  d i s t r i b u t i o n .
A random number g e n e r a t o r  a v a i l a b l e  a t  t h e  C o m p u te r ’ s
C e n t e r  L i b r a r y  i s  u s e d  i n  t h i s  p ro g ra m .
The p r o c e d u r e  t o  c a l c u l a t e  c o s t  p e r  t o n  f o r  e a c h  t y p e ' 
o f  t r u c k  c a n  be d e s c r i b e d  a s  f o l l o w s .  To s t a r t ,  a l l  k i n d s
o f  c o s t s  p r e v i o u s l y  o b t a i n e d  were  c o n v e r t e d  i n t o  a  y e a r l y
b a s i s .  Then by  a d d in g  them up t h e  t o t a l  c o s t  p e r  y e a r  i s  
f o u n d ,  w h ich  d i v i d e d  b y  t h e  a n n u a l  p r o d u c t i o n  g i v e s  t h e  c o s t  
p e r  t o n . .
I t  i s  a  m a t t e r  o f  company p o l i c y  t o  d e f i n e  t h e  number
o f  s h i f t s  t o  be worked  p e r  y e a r ,  a s  w e l l  as  t h e  d u r a t i o n  o f
e a c h  s h i f t .  F o r  t h i s  p ro b le m  a w o r k in g  y e a r  o f  600 s h i f t s
o f  8 h o u r s  e a c h  was d e f i n e d .
The c o n v e r s i o n  o f  t h e  s e v e r a l  c o s t s  p e r  s c h e d u l e d  h o u r  
i n t o  c o s t s  p e r  y e a r  was a c c o m p l i s h e d  by  m u l t i p l y i n g  t h e  
f o r m e r  b y  4 8 0 0  ( t o t a l  number o f  w o r k in g  h o u r s  p e r  y e a r ) .
I n  A ppendix  I I I  c a n  be fo u n d  a  c o m p le te  l i s t i n g  o f  t h i s  
p ro g ram  as w e l l  a s  a  c o m p u te r  o u t p u t  f o r  one o f  t h e  u n i t s  
a n a l y z e d .  R e s u l t s  on t h i s  s e c t i o n  a r e  g i v e n  i n  T a b le  5.
P a v i n g  Road E s t i m a t i o n
By p a v i n g  t h e  r o a d  i n  e x i s t e n c e  t h e  f o l l o w i n g  a d v a n ­
t a g e s  c a n  be o b t a i n e d :
1 .  A r e d u c t i o n  i n  t h e  r o l l i n g  r e s i s t a n c e  f a c t o r  w h ich
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l e a d s  t o  a  h i g h e r  v e h i c l e  p e r f o r m a n c e ,  g r e a t e r  t i r e  
l i f e ,  and more t r u c k  m i l e s  p e r  g a l l o n  o f  f u e l  c o n ­
s u m p t io n ,
2.  D us t  c o n d i t i o n s  d r a s t i c a l l y  r e d u c e d  d u r i n g  t h e  d r y  
s e a s o n ,  thi.r< s a f e t y  im proved  f o r  b e t t e r  v i s i b i l i t y ,
3 .  T o t a l  mud e l i m i n a t i o n  d u r i n g  t h e  r a i n y  m o n th s ,
4 .  I n  t h i s  p a r t i c u l a r  c a s e  i t  w ou ld  make p o s s i b l e  t h e  
t r a f f i c  o f  v e h i c l e s  t h e  whole  y e a r  r o u n d .
The r o a d  p a v i n g  c o s t  e s t i m a t e  i s  p e r f o r m e d  b a s e d  on 
f i g u r e s  f u r n i s h e d  b y . t h e  C o lo r a d o  D e p a r tm e n t  o f  H ighways .  
The d a t a  u s e d  was c o m p i l e d  b y  t h e  C o s t  E s t i m a t e s  U n i t  o f  
t h e  S t a f f  D e s i g n  D i v i s i o n  and c a n  be fo u n d  i n  t h e  1972 
C o s t  D a ta  P u b l i c a t i o n .
C a l c u l a t i o n s  on t h i s  s e c t i o n  a r e  g i v e n  i n  A ppend ix  IV. 
R e s u l t s  c o m p a r in g  c o s t s  i n  b o t h  t y p e s  o f  s u r f a c e s  a r e  shown 
i n  T a b l e s  4 . ,  5 . ,  and 6 ,
T a b l e  5.  D i f f e r e n c e  i n  C o s t  -per Ton f o r
T h ree  T.vnes o f  T ru c k s
S u r f .  T r u c k  Type
Code A B C
C o s t / T o n  1 2 .4 8 9  2 .3 6 2  2 .0 9 7
$ 3 5 .0 6 0  2 .8 7 5  2 .7 2 8
D i f f e r e n c e 0 .5 7 1  0 .5 1 5  0 .6 3 1
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T a b le  6 . T o t a l  Annual C o s t  D i f f e r e n c e
(Optimum F l e e t  O b t a i n e d )
Unoaved Road Paved Road D i f f e r e n c e  
T o t a l  C os t  $ 3 , 0 0 8 , 9 8 4 .  2 , 3 1 2 , 9 9 1  6 9 5 ,9 9 3 .
T a b le  6 . shows t h e  a n n u a l  d i f f e r e n c e  i n  t r a n s p o r t a t i o n  
c o s t  f o r  b o t h  a l t e r n a t i v e s .  S a v in g s  on t h e  o r d e r  o f  
$ 7 0 0 , 0 0 0 .  p e r  y e a r  c a n  be e x p e c t e d ,  w h i l e  an  a n n u a l  amor­
t i z a t i o n  o f  $ 2 9 0 , 0 0 0 . f o r  p a v i n g  t h e  r o a d  i s  e s t i m a t e d .
T hus ,  n e t  s a v i n g  on  t h e  v i c i n i t y  o f  $ 4 0 0 , 0 0 0 .  p e r  y e a r ,  
w h ich  i s  a 13  p e r c e n t  d e c r e a s e  o f  t h e  p l a n n e d  a n n u a l  i n v e s t ­
m ent  m ig h t  be t h e  d i r e c t  b e n e f i t  o f  t h i s  o p e r a t i o n ,  b e s i d e s  
t h e  o t h e r  a d v a n t a g e s  e a r l i e r  m e n t i o n e d .
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G e n e r a l
B ecau se  o f  t h e  r a t h e r  l a r g e  d i s t a n c e  o v e r  w h ic h  t h e  o r e  
m u s t  he  h a u l e d  i t  i s  d e s i r a b l e  t o  c o n s i d e r  t h e  p o s s i b i l i t y  
o f  r a i l r o a d  h a u l a g e  as  an  a l t e r n a t i v e .  I f  s u c h  a  r a i l r o a d  
w ere  t o  be  c o n s t r u c t e d ,  i t  h a s  t o  be  t h e  same gau ge  as  t h e  
e x i s t i n g  C o ru m b a-S an ta  Oruz R a i l r o a d  ? /h ich  c o n n e c t s  Corumba 
w i t h  Sao P a u lo  i n  B r a s i l  and P u e r t o  S u a r e z  w i t h  S a n t a  Cruz  
i n  B o l i v i a .  I t  would have  t h e  m e r i t  o f  p r o v i d i n g  an  e x t e n ­
s i o n  o f  r a i l r o a d  s e r v i c e  t o  t h e  h a r b o r  o f  P u e r t o  Busch  on 
t h e  P a r a g u a y  R i v e r ,  w i t h  much b e n e f i t  t o  t h i s  a r e a .
B ecau se  o f  t h e  p o s s i b i l i t y  o f  s u c h  a r a i l r o a d  o f f e r i n g  
c o m m e rc ia l  common**-carrier s e r v i c e ,  as  w e l l  a s  s e r v i n g  as  an  
o r e  h a u l e r  , i t s  c o n s t r u c t i o n  would i n v o l v e  num erous  p r o b ­
l e m s  i n  a d d i t i o n  t o  t h o s e  c r e a t e d  b y  t h e  i r o n  o r e  t r a n s p o r ­
t a t i o n .  T h e r e f o r e ,  t o  e s t a b l i s h  a  c o m p a r i s o n  on t h e  minimum 
f e a s i b l e  b a s i s ,  a s  i f  i t  were  t o  c a r r y  o n l y  i r o n ,  t h e  a n a l y ­
s i s  w i l l  be made on t h e  b a s i s  o f  t h e  l e a s t  f a v o r a b l e  c o n d i ­
t i o n .  I f  r a i l  h a u l a g e  i s  a t t r a c t i v e  i n  s u c h  a  c a s e  i t  w i l l  be 
more a t t r a c t i v e  when t h e  o t h e r  f a c t o r s  a r e  i n c l u d e d  l a t e r .
E s t i m a t i o n  o f  r a i l r o a d  c o s t s  i s  d i f f i c u l t  b e c a u s e  o f  
t h e  t r o p i c a l  j u n g l e  t h r o u g h  w hich  i t  m us t  p e n e t r a t e .  One o f  
t h e  b e s t  s o u r c e s  o f  i n f o r m a t i o n  f o r  e s t i m a t i n g  c o s t  o f  j u n ­
24
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g l e  p e n e t r a t i o n  i s  t h e  U. S .  Army T r a n s p o r t a t i o n  R e s e a r c h  
Command.
B reach in g :  J u n g l e  A reas
I n  b r e a c h i n g  j u n g l e  a r e a s  a m ethod  i n v e s t i g a t e d  b y  
t h e  c i t e d  i n s t i t u t i o n  h a s  b e e n  t h r o u g h l y  e v a l u a t e d .  A t y p ­
i c a l  o p e r a t i o n  would  be c o n d u c t e d  as  f o l l o w s :
A s t a n d a r d  t r a c t o r ,  e .  g .  C a t e r p i l l a r  D8 , u s i n g  i t s  
b l a d e  c u t s  a  sw a th  o f  one b l a d e  w i d t h  ( a b o u t  4 m ) .  I t  would  
be  n e c e s s a r y  t o  c u t  t h r e e  t i m e s  s u c h  a  w i d t h  t o  have  12  m 
s p a c e .  A C a t e r p i l l a r  D8 t r a c t o r  c a n  e a s i l y  c u t  t h r o u g h  
t r e e s  up t o  0 . 5  m wide  a t  t h e  b a s e ;  i t  c a n ,  i n  g e n e r a l ,  
a v o i d  l a r g e r  t r e e s  a s  i t  c u t s  i t s  t r a i l  b e c a u s e  t h e  j u n g l e  
a l t h o u g h  o f t e n  d e n s e ,  i s  made up o f  a p r e p o n d e r a n c e  o f  
s m a l l  d i a m e t e r  t r e e s .  O t h e r  v e h i c l e s  s u c h  as  t r a c k e d  v e h i ­
c l e s  would  f o l l o w  a l o n g  b e h i n d  t h e  t r a c t o r  a s  t h e  t r a i l  i s  
c u t  and c a r r y  en ough  f u e l  and s u p p l i e s  f o r  t h e  w o r k e r s .
R i g h t  a f t e r  t h e s e  v e h i c l e s  t h e  c rew s  b u i l d i n g  t h e  embank­
m en t  would f o l l o w ,  b u i l d i n g  a t  t h e  same t im e  t h e  r a i l  t r a c k .  
W orkers  would r e m a i n  on  t h e  job  u n t i l  i t  was c o m p l e t e d .
Once t h e  embankment and t h e  r a i l  t r a c k  i s  b u i l t ,  a  s m a l l  
t r a i n  would  t r a v e l  b a c k  and f o r t h  f o r  l o g i s t i c  p u r p o s e s .
As i t  was c o n c l u d e d  by t h e  U. S .  Army, i t  became c l e a r  
t h a t  p r i m a r y  e n v i r o n m e n t a l  f a c t o r s  a f f e c t i n g  o f f  r o a d  mo­
b i l i t y  i n  j u n g l e  a r e a s  a r e  v e g e t a t i o n  and d r a i n a g e  o f  t h e
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a r e a .  A n o th e r  i n t e r e s t i n g  c o n c l u s i o n  o b t a i n e d  v/as t h e  e v i -  
de3ice o f  a d e f i n i t e  r e l a t i o n s h i p  e x i s t e n t  b e tw e e n  t h e  e a s e  
o f  v e h i c u l a r  m o b i l i t y  i n  f o r e s t  a r e a s  and t h e  s t a t i s t i c a l  
d i s t r i b u t i o n  o f  s i z e  c l a s s e s  o f  t r e e s .
A F o rm u la  f o r  J u n g l e  P e n e t r a t i o n  Time
An e q u a t i o n  d e v e l o p e d  b y  J .  T .  S o u l e s  o f  t h e  Rome Plow 
C o . ,  C e d a r t o n ,  G e o r g i a ,  f o r  e s t i m a t i n g  t i m e s  f o r  c l e a r i n g  
f o r e s t e d  a r e a s  i n  t e m p e r a t e  zon es  w i t h  s t a n d a r d  t r a c t o r s  
a p p e a r e d  t o  be  a s t a r t i n g  p o i n t  f o r  d e v e l o p i n g  a  n u m e r i c a l  
v a l u e  f o r  j u n g l e  m o b i l i t y .  T h i s  e m p i r i c a l  r e l a t i o n s h i p  i s  
e x p r e s s e d  a s  f o l l o w s :
T = B 4- + M2N2 4 M5N3 4 M4 N4 4 DP
w here
T s Time p e r  h e c t a r e  i n  m i n u t e s  t o  c l e a r  a l l  t r e e s .
B : Base  t im e  f o r  e a c h  t r a c t o r  p e r  h e c t a r e
N : Number o f  t r e e s  p e r  h e c t a r e  i n  e a c h  d i a m e t e r  r a n g e
o b t a i n e d  from f i e l d  s u r v e y
M : M i n u t e s  o f  c u t t i n g  t i m e  p e r  t r e e  i n  e a c h  d i a m e t e r
r a n g e  -
D : Sum o f  d i a m e t e r  i n  c e n t i m e t e r s  f o r  a l l  t r e e s  p e r
h e c t a r e  above 150  cm i n  d i a m e t e r
P : M in u te s  o f  c u t t i n g  t im e  p e r  c e n t i m e t e r  o f  d i a m e t e r
f o r  t r e e s  above  150  cm i n  d i a m e t e r .
The v a l u e s  o f  B, M]_ -  M4 , and P c a n  be fo u n d  on page
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9 1 ,  E n g i n e e r i n g / M i n i n g  J o u r n a l ,  F e b r u a r y  1971* The v a l u e s  
o f  Nq -  N^, a r e  c h a r a c t e r i s t i c s  o f  e a c h  p a r t i c u l a r  a r e a  
u n d e r  s t u d y .
J u n g l e  M o b i l i t y  In d e x
A n o th e r  and more d i r e c t  e m p i r i c a l  a p p r o a c h  was d e v i s e d  
t h a t  a p p e a r s  t o  a c c o u n t  f o r  more o f  t h e  s i g n i f i c a n t  f a c t o r s  
t h a t  a f f e c t s  j u n g l e  m o b i l i t y  i n d e x .  T hese  f a c t o r s  become 
a p p a r e n t  as  a r e s u l t  o f  a b o t a n i c a l ,  e n g i n e e r i n g ,  and t i m e -  
m o t i o n  s t u d i e s  t h a t  were  c o n d u c t e d  b y  t h e  U. S .  Army C orps  
o f  E n g i n e e r s .  Then,  t h e y  were  c o r r e l a t e d  w i t h  a e r i a l  p h o t o ­
g r a p h y  a l r e a d y  t a k e n .  T hese  o n - t h e - g r o u n d  s t u d i e s  e s t a b l i s h e d  
t h a t  t h e  m a j o r  h i n d r a n c e  t o  m o b i l i t y  was t h e  v e g e t a t i o n ,  
and t h a t  t h e r e  was a  d i r e c t  r e l a t i o n s h i p  b e tw e e n  d i f f i c u l t y  
o f  m o b i l i t y  and age o f  f o r e s t .  The j u n g l e  c l e a n i n g  e q u a t i o n  
shows t h a t  t h e  d e g r e e  o f  d i f f i c u l t y  i s  a  f u n c t i o n  o f  a  s i z e  . 
d i s t r i b u t i o n  o f  t r e e s ;  ho w e v e r ,  t h i s  d i s t r i b u t i o n  i s  s t a t i s ­
t i c a l l y  t h e  same f o r  a n y  t r o p i c a l  f o r e s t  o f  t h e  same t y p e  
and age w h e r e v e r  i t  i s  l o c a t e d .  S i n c e  age and t y p e  o f  f o r e s t  
c a n  be d e t e r m i n e d  f rom a e r i a l  p h o t o g r a p h y ,  i t  i s  n o t  n e c e s ­
s a r y  t o  o b t a i n  t r e e  c o u n t s .  F o r  e a c h  su c h  s t a t i s t i c a l  d i s ­
t r i b u t i o n  o f  t r e e s ,  i t  was fo u n d  t h a t  a  g i v e n  amount o f  e f ­
f o r t  was r e q u i r e d  t o  p e n e t r a t e  o r  c l e a r  t h e  f o r e s t  w i t h  a 
g i v e n  t r a c t o r  a t  a  g i v e n  r a t e .  T h i s  r a t e  c a l l e d  t h e  " F o r e s t  
M o b i l i t y  R a t e " ,  i s  t h e  p r i m a r y  m o b i l i t y  f a c t o r  and i s  m o d i -
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f i e d  by  s e c o n d a r y  f a c t o r s  s u c h  as u n d e r f o o t  c o n d i t i o n s ,  
r a i n f a l l ,  t r a c t o r  t y p e ,  e f f i c i e n c y ,  and s t r e a m  c r o s s i n g s .  
T hese  p r i m a r y  and s e c o n d a r y  f a c t o r s  a r e  r e l a t e d  by  
t h e  e m p i r i c a l l y  d e r i v e d  " J u n g l e  M o b i l i t y  I n d e x "  ( J i l l )  a s  
f o l l o w s :
(F x U x R) + S
JMI =  — ------------------------
T x E
w h e r e :
JMI:  J u n g l e  M o b i l i t y  In d e x  e x p r e s s e d  i n  h o u r  p e r  Km
F : F o r e s t  M o b i l i t y  R a t e .  These  r a t e s  c an  be d e t e r m i n e d
e m p i r i c a l l y  f o r  e a c h  t y p e  and age o f  f o r e s t .  F o r e s t  
M o b i l i t y  R a te  i n c l u d e s  t h e  e f f e c t s  o f  t y p i c a l  m i c r o -  
t e r r a i n  f e a t u r e s  and s o i l  c o n d i t i o n s ,  u n i t y  hr/Km
U : S l o p e .  T h i s  i s  t h e  p e r c e n t  s l o p e  upon  w h ich  t h e
v e h i c l e  i s  w o r k in g
R : R a i n f a l l .  The amount o f  p r e c i p i t a t i o n  i n  t h e  p r e v i o u s
48  h o u r s  i s  c o n s i d e r e d ,  i t  i s  g i v e n  i n  mm
T : T r a c t o r .  T h is  i s  t h e  f a c t o r  r e l a t i n g  v a r i o u s  makes and
m odels  o f  t r a c t o r s  t o  t h e  C a t e r p i l l a r  D8 H e q u i p p e d  w i t h  
a  b u l l d o z e r  b l a d e ,  cab g u a r d ,  w in c h ,  and w i d e - t r a c k  
o p t i o n .  I t s  v a l u e  r a n g e s  from 0 , 2 5  t o  1 . 8
E : E f f i c i e n c y .  T h i s  f a c t o r  c o n s i d e r s  t r a i n i n g  a n d / o r
e x p e r i e n c e  o f  t r a c t o r  o p e r a t o r s
S : S t r e a m s .  D e f in e d  as  w a t e r  c o u r s e s  whose w a t e r  i s  n o t
v i s i b l e  t h r o u g h  t h e  j u n g l e  c a n o p y .  T hese  do n o t  n e c e s ­
s a r i l y  c o n t a i n  w a t e r  b u t  a r e  u s u a l l y  damp. I t  i s  com put­
e d :  S = (No. o f  S t r e a m s  Xing x 0 . 5 ) / ^ i s t a n c e  i n  Km
To o b t a i n  t h e  t im e  and u l t i m a t e l y  t h e  c o s t  f o r  a g i v e n  
p e n e t r a t i o n  o r  c l e a r i n g ,  t h e  JMI c a l c u l a t e d  f o r  a  c e r t a i n
f o r e s t  t y p e  i s  m u l t i p l i e d  by  t h e  l e n g t h  o f  t h e  t r a i l  t o  be 
c u t*
C o s t  E s t i m a t i o n  o f  J u n g l e  A ccess  T r a i l
Based  upon  t h e  two e a r l i e r  c o n c e p t s ,  i t  i s  p o s s i b l e  t o  
make a  c o s t  e s t i m a t e  o f  a  j u n g l e  a c c e s s  t r a i l .
C o s t s  o f  p r e p a r i n g  t h e  t r a i l s  a r e  c a l c u l a t e d  a c c o r d i n g  
t o  t h e  JMI.  I t  i s  e v a l u a t e d  as  f o l l o w s :
(F  x U x H) + S
JMI —  ---------------------------
T x S
where
F : 1 . 1  h o u r  p e r  Km
U : 1 . 0  f o r  t h e  t o t a l  l e n g t h  c o r r e s p o n d i n g  t o  a s l o p e  b e t ­
ween 0 and 1 0  p e r c e n t  
R s 1 . 5  f o r  t h e  t o t a l  l e n g t h  c o r r e s p o n d i n g  t o  an  a v e r a g e  
r a i n f a l l  o f  1 . 0  cm p e r  day  
T : 1 . 3  C a t e r p i l l a r  D8 e q u ip p e d  w i t h  a  Rome KG c l e a r i n g  
b l a d e
E : 0 . 5  i t  i s  assum ed t h a t  o p e r a t o r s  a r e  e x p e r i e n c e d  w i t h  
t r a c t o r s  b u t  have  n e v e r  c l e a r e d  j u n g l e  
S : (4 6 0  x 0 . 5 ) / 1 0 0  =  2 . 3  (A ssum ing  460 s t r e a m s  i n  100 Km)
So ,  t h e  JMI comes o u t
JMI = 5 . 5  h o u r  p e r  Km 
The t o t a l  e s t i m a t e d  t im e  t o  p r e p a r e  an a c c e s s  t r a i l
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o v e r  t h e  68  m i l e s  would  t h e r e f o r e  be 605  h o u r s .
Assuming an  8 - h o u r  work d a y ,  and an a d d i t i o n a l  1 4 - d a y  
a l l o w a n c e  f o r  c o n t i n g e n c i e s , i t  would t a k e  90  d a y s  t o  com­
p l e t e  t h e  t r a i l .  The f o l l o w i n g  c a l c u l a t i o n s  a r e  p e r f o r m e d :
2 C a t e r p i l l a r  D8 w i t h  Rome KG b l a d e
@ $33  p e r  h o u r  f o r  720 h o u r s  $ 4 8 , 0 0 0 . 0 0
1 C i s t e r n  t r u c k  t o  h a u l  f u e l  @ $ 2 0 0 / d a y
(As p e r  U .S .  Corps  o f  E n g i n e e r s )  1 8 , 0 0 0 . 0 0
1 T r u c k  f o r  camp f a c i l i t i e s  @
$200 p e r  day  ( I b i d )  1 8 , 0 0 0 . 0 0
G e n e r a l  camp f a c i l i t i e s  ( f o o d ,
e l e c t r i c  p l a n t s )  f o r  90 d ays  2 0 , 0 0 0 . 0 0
T o t a l  Owning and o p e r a t i n g  c o s t s  $ 1 0 4 , 0 0 0 . 0 0
O v erh ead  and P r o f i t  © 125 p e r c e n t  $ 1 3 0 , 0 0 0 . 0 0
T o t a l  e s t i m a t e d  c o s t  f o r  t r a i l  o p e n in g  $ 2 3 4 , 0 0 0 . 0 0
The f i g u r e  o b t a i n e d  seems t o  be  r e a l i s t i c  a c c o r d i n g  
t o  i n f o r m a t i o n  r e c e i v e d  from e a r l i e r  o p e r a t i o n s  p e r f o r m e d  
i n  t h i s  a r e a .  C o s t  on  embankment c o n s t r u c t i o n  h a s  b e e n  
e s t i m a t e d  as t w o - t h i r d s  o f  t h e  r o a d  embankment c o s t  which  
t o t a l  amount i s  a p p r o x i m a t e l y  $ 5 0 0 , 0 0 0 . 0 0  i n  t h e  l e n g t h  o f  
6 8  m i l e s .  T hus ,  t h e  t o t a l  amount e s t i m a t e d  f o r  t h e  r a i l ­
r o a d  embankment i s  3 4 0 , 0 0 0 . 0 0 .
Adding up t h e  p r e v i o u s  f i g u r e  o b t a i n e d ,  t h e  c o s t  o f  
j u n g l e  t r a i l  o p e n in g  p l u s  embankment c o n s t r u c t i o n  i s  e s t i ­
m a te d  a t  $ 5 7 5 , 0 0 0 . 0 0  w h ich  makes $ 8 , 7 5 0 . 0 0  p e r  m i l e .
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C h o ice  o f  Method o f  O p e r a t i o n
I n  u s i n g  r a i l  h a u l a g e  one h a s  t h e  c h o i c e  b e tw e e n  s h o r t  
t r a i n s  o p e r a t i n g  f r e q u e n t l y  and l o n g e r  t r a i n s  o p e r a t i n g  l e s s  
o f t e n .  I f  t h e  r e q u i r e d  t o n n a g e  o f  1 , 1 0 3 , 0 0 0  t o n s  p e r  y e a r  
w e re  t o  be h a u l e d  o v e r  a  p e r i o d  o f  300  d a y s ,  t h e  amount t o  
be  moved p e r  d a y  i s  3680 t o n s .  On t h e  o n e - m e t e r  g au ge  u s e d  
b y  t h e  c o n n e c t i n g  l i n e s  a 50 - t o n  c a r  would be  t h e  a p p r o x i m a t e  
maximum t h a t  c o u l d  be  h a n d l e d .  S e v e n t y - t h r e e  o f  t h e s e  m us t  
be  d e l i v e r e d  p e r  d a y .
The maximum t r a c t i v e  e f f o r t  o f  a  l o c o m o t i v e  i s  l i m i t e d  
b y  i t s  w e i g h t ,  n o t  i t s  h o r s e p o w e r ,  b u t  t h e  maximum sp e e d  
t h a t  c a n  be r e a c h e d  i s  d e t e r m i n e d  by  t h e  power a v a i l a b l e .
The r e s i s t e n c e  o f f e r e d  b y  t h e  l o c o m o t i v e  and t h e  o r e  c a r s  
c a n  be e s t i m a t e d  b y  t h e  e q u a t i o n s  g i v e n  by  B ra u n s  and O rr  i n  
t h e  AIME S u r f a c e  I , l in ing v o lu m e .  Such e q u a t i o n s  a r e  known as  
t h e  D a v is  F o r m u l a s .  They a r e :
29 .0024AV2
L oco m o t iv e  R e s i s t a n c e ,  l b / t o n  = 1 . 3  + -----+ *03 + — ------------
W WN
29 .0005AV2
F r e i g h t  c a r  R e s i s t a n c e ,  l b / t o n  = 1 . 3  + —  + .045V + --------------
W WN
E x a m i n a t i o n  o f  t h e  c o m p u te r  p ro g ram  u s e d  f o r  t h e  t r u c k s  
w i l l  show t h a t  i t  i s  a  a d a p t a b l e  t o  r a i l  h a u l a g e  a s  w e l l .  By 
r e p l a c i n g  t h e  s e c t i o n  c o n c e r n e d  w i t h  t h e  r o l l i n g  r e s i s t a n c e
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o f  t h e  v a r i o u s  k i n d s  o f  r o a d s  w i t h  a  s e c t i o n  b a s e d  on t h e s e  
e q u a t i o n s ,  and u s i n g  t h e  p r o p e r  d ra w b a r  c h a r a c t e r i s t i c s  o f  
t h e  l o c o m o t i v e  t o  be u s e d ,  t h e  ro u n d  t r i p  o f  any  s e l e c t e d  
s i z e  o f  t r a i n  c a n  e a s i l y  be c a l c u l a t e d .  The m o d i f i e d  p rogram  
i s  shown i n  A ppend ix  V. T h i s  m o d i f i e d  p rog ram  was u s e d  w i t h  
two s i z e s  o f  l o c o m o t i v e s  and v a r i o u s  numbers  o f  c a r s ,  w i t h  
t h e  r e s u l t s  shown i n  T a b le  7 .  F o r  c o n v e n i e n c e  t h e  r o a d  p r o ­
f i l e  u s e d  f o r  t r u c k s  i s  employed  f o r  t h e  t r a i n ,  b u t  w i t h  t h e  
u n d e r s t a n d i n g  t h a t  t h e  a c t u a l  l i n e  would  be  b e t t e r  e n g i n e e r e d .
i 7 . T r a i n T r a v e l i n g  Times T a b le
L oco m ot ive
S i z e
Number 
o f  c a r




T r a v e l i n g
Time*
T o t a l
Time*
25 1 0 0 50 236 386
1 2 0 -T o n . 30 120 60 250 430
40 160 80 310 550
25 100 50 250 390
8 0-T o n . 30 120 60 280 4 6 0
40 160 80 345 585
* Time g i v e n  i n  m i n u t e s .
E x p e r i e n c e  shows t h a t  i n  an  8 - h o u r  s h i f t  t h e r e  a r e  450 
m i n u t e s  o f  w o r k in g  t i m e ,  t h e  r e m a i n i n g  30  m i n u t e s  b e i n g  c o n ­
sumed b y  t r a v e l  t im e  t o  and from t h e  j o b .  A n a l y s i s  o f  T a b le  
7 . shows t h a t  a  1 2 0 - t o n  l o c o m o t i v e  p u l l i n g  30  c a r s  i s  w i t h i n
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t h a t  f i g u r e ;  s o ,  su c h  t r a i n  i s  s e l e c t e d  f o r  t h e  c o s t  e s t i m a ­
t i o n .
A d i e s e l - e l e c t r i c  l o c o m o t i v e  i s  c o n s i d e r e d  b e c a u s e  o f  
t h e  a d v a n t a g e s  i t  p r e s e n t s :
1 .  High a v a i l a b i l i t y
2 .  M a in te n a n c e  c o s t s  r e l a t i v e l y  low
3 .  P r o d u c t i o n  o f  s t a n d a r d - s i z e  u n i t s  r e l a t i v e l y  h i g h
4 .  Low o p e r a t i n g  c o s t s .
J o b  a n a l y s i s  and c o s t  r e l a t e d  t o  t h e  s e l e c t i o n  o f  r a i l  
h a u l a g e  o p e r a t i o n  i s  d e s c r i b e d  i n  A ppendix  V. On t h e  b a s i s  
o f  t h i s  e s t i m a t i o n ,  t h e  e x p e c t e d  c o s t  p e r  t o n  o f  o r e  d e l i v ­
e r e d  t o  t h e  p o r t  would  be  a p p r o x i m a t e l y  $ 1 . 4 0  o r  $ 0 .0 2 0 6  p e r  
t o n  p e r  m i l e .  T h i s  r e p r e s e n t s  a  s a v i n g  o v e r  t h e  b e s t  t r u c k  
h a u l a g e  s i t u a t i o n  c h e c k e d  o f  $ 0 , 6 9 7  p e r  t o n .
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SUMMARY ADD CONCLUSIONS
Summary o f  P r o c e d u r e
The s t e p s  p e r f o r m e d  i n  t h e  d e v e lo p m e n t  o f  t h i s  s t u d y  
w ere  made i n  t h e  f o l l o w i n g  s e q u e n c e :
1 .  T r a v e l i n g  t i m e s  f o r  d i f f e r e n t  u n i t s  on  two t y p e s  o f  
r o a d s  were  d e t e r m i n e d ,  A p ro g ram  d e v e l o p e d  a t  C o lo r a d o  
S c h o o l  o f  M in e s ,  M in in g  D e p a r t m e n t ,  was a p p l i e d .
R e s u l t s  o b t a i n e d  a r e  g i v e n  i n  T a b le  3»> and Appendix  I  
shows t h e  l i s t i n g  o f  t h i s  p ro g ram  as  w e l l  a s  a  c o m p u te r  
o u t p u t  f o r  one o f  t h e  u n i t s ,
2 .  T r a v e l i n g  t i m e s  o b t a i n e d  were  i n c r e a s e d  b y  a f a c t o r  
o f  20  p e r c e n t  up i n  o r d e r  t o  g e t  a c t u a l  t r a v e l  t i m e s .  
T h i s  c o r r e c t i o n  was done due t o  t h e  f a c t  t h a t  t r u c k s  
a r e  n o t  o p e r a t e d  a t  t h e i r  f u l l  p o t e n t i a l  on  a  d a y - t o  
d ay  b a s i s .  The a d v i s e d  i n c r e m e n t  was t a k e n  from t h e  
p a p e r  p r e s e n t e d  i n  t h e  AIME p r e p r i n t  n o ,  68-A R -310 .
3 .  O w n ersh ip  and o p e r a t i n g  c o s t s  f o r  e a c h  u n i t y  c o n s i d ­
e r e d  was c a l c u l a t e d .  D e t a i l s  a r e  shown i n  A ppend ix  I I .
4# A d j u s t e d  t r a v e l i n g  t i m e s  were  u s e d  as  d a t a  i n  t h e
p r o b a b i l i s t i c  s i m u l a t o r  (A p p e n d ix  I I I . ) ,  T o t a l  l o a d ­
i n g ,  t r a v e l i n g ,  and d e l a y  t i m e s  on t h e  s y s te m  f o r  
e a c h  f l e e t  s t u d i e d  i s  c a l c u l a t e d .  The t o t a l  c o s t  p e r  
t o n  f o r  d i f f e r e n t  numbers o f  u n i t s  i s  a l s o  g i v e n ,  R e -
34
ER-1556 35
s u i t s  o b t a i n e d  a r e  shown i n  T a b le  4 .
5* A p a v in g  c o s t  e s t i m a t i o n  on t h e  e x i s t i n g  r o a d  was 
made.  R e s u l t s  c a n  be fou nd  i n  A ppend ix  IV,
6 , The p r o b a b i l i s t i c  s i m u l a t o r  was r u n  s e v e r a l  t i m e s  
u n t i l  s u f f i c i e n t  r e s u l t s  f o r  a n a l y s i s  were  a v a i l a b l e .  
D i f f e r e n c e  o f  c o s t  p e r  t o n  b e tw e e n  t h e  e x i s t e n t  r o a d  
and t h e  paved  r o a d  was com pu ted .  T a b l e  5 .  shoy/s s u c h  
d i f f e r e n c e s .
7 ,  Annual  d i f f e r e n c e  i n  c o s t  b e tw e e n  t h e  two k i n d s  o f  
r o a d s  were  c a l c u l a t e d ,  ( T a b le  6 . ) .
8 , Y e a r l y  s a v i n g s  b y  p a v i n g  t h e  r o a d  were  c a l c u l a t e d ,
9* A r a i l r o a d  a n a l y s i s  was made.  I t  c o n t e m p l a t e s  a s p e c t s  
s u c h  as  b r e a c h i n g  j u n g l e  a r e a s ,  c o s t  e s t i m a t i o n  o f  
j u n g l e  a c c e s s  t r a i l s ,  r a i l r o a d  e q u ip m e n t  s e l e c t i o n ,  
e s t i m a t i o n  o f  o w n e r s h i p ,  o p e r a t i n g ,  and r e p a i r  c o s t s .  
T r a v e l i n g  t i m e s  f o r  t r a i n s  were  com puted  u s i n g  a 
m o d i f i e d  v e r s i o n  o f  t h e  t r u c k  s i m u l a t o r .  A c o m p le t e  
d e s c r i p t i o n  o f  t h e  f o l l o w e d  p r o c e d u r e ,  t h e  r e s u l t s  
o b t a i n e d ,  c o m p u te r  l i s t i n g ,  and c o m p u te r  o u t p u t  i s  
shown i n  A ppend ix  V.
1 0 .  F i n a l l y ,  a  c o m p a r i s o n  b e tw e e n  b o t h  a l t e r n a t i v e s  was 
m ade .
C o n c l u s i o n s
Based  upo n  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y ,  t h e  m ost
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s u i t a b l e  s y s te m  o f  t r a n s p o r t a t i o n  f o r  t h e  c o n c e n t r a t e  was 
f o u n d  t o  be a r a i l r o a d  o p e r a t i o n .
T ru c k  h a u l a g e  c o s t s  f o r  t h e  optimum f l e e t  o f  t r u c k s  
s e l e c t e d  - t h i r t y - o n e  50 - t o n  t r u c k s -  was d e t e r m i n e d  a t  
$ 2 , 7 2 8  p e r  t o n  h a u l e d  c o r r e s p o n d i n g  t o  $ 0 ,0 4 1  p e r  t o n  p e r  
m i l e .  Lower c o s t s  were  g o t t e n  i n  t h i s  sy s te m  b y  c o n s i d e r i n g  
t h e  p a v i n g  o f  t h e  r o a d .  The f i g u r e s  o b t a i n e d  were  $ 2 , 0 9 7  
p e r  t o n  o r  $ 0 . 0 3 0 8  p e r  t o n  p e r  m i l e .
On t h e  o t h e r  h a n d , ,  t h e  l o w e s t  r a i l  h a u l a g e  c o s t  fo u n d  
was' $ 1 . 4 0  p e r  t o n  t r a n s p o r t e d  o r  $ 0 .0 2 0 6  p e r  t o n  p e r  m i l e .
Y e a r l y  t r a n s p o r t a t i o n  s a v i n g s  on t h e  o r d e r  o f  34 p e r ­
c e n t  o f  t h e  a n n u a l  i n v e s t m e n t  c a n  be  e x p e c t e d  b y  b u i l d i n g  
and  o p e r a t i n g - a  r a i l r o a d  s y s t e m .  »
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RECOMMENDATIONS
The s e l e c t i o n  o f  t r u c k s  o r  t r a i n s  as  t h e  p r i m a r y  m e th ­
od o f  t r a n s p o r t  c a n n o t  r e s t  on t h e  h a u l a g e  c o s t  a l o n e ;  many 
o t h e r  f a c t o r s  c o n t r i b u t e  t o  t h e  t o t a l  c o s t s  o f  p r o d u c t i o n  
and d e l i v e r y  a t  t h e  A r g e n t i n i a n  m a r k e t .  T h i s  t o t a l  c o s t
m u s t  be  k e p t  a s  low a s  p o s s i b l e  i f  t h e  c o m m e rc ia l  s u c c e s s
o f  t h e  m in i n g  v e n t u r e  i s  t o  be  a s s u r e d .
The f o l l o w i n g  p o i n t  s h o u l d  be i n v e s t i g a t e d  f u r t h e r  
b e f o r e  a  f i n a l  d e c i s i o n  i s  made:
1 .  The t r a n s p o r t i n g  c a p a b i l i t i e s  o f  t h e  P a r a g u a y - P a r a n a  
R i v e r .  What m us t  be t h e  n a t u r e  o f  t h e  b a r g e s  o r  v e s s e l s  
t h a t  w i l l  move t h e  o r e  f rom P u e r t o  B usch  t o  t h e  s t e e l  
m i l l ?  T h i s  w i l l  a f f e c t  t h e  d e s i g n  o f  t h e  t r a n s f e r  f a c i l ­
i t i e s  and t h e i r  c o s t s .
2 .  The v a r i a b i l i t y  o f  t h e  o r e  and t h e  n e c e s s i t y  f o r  s e p a ­
r a t i n g  t h e  v a r i o u s  q u a l i t i e s  and g r a d e s .  I f  t h e  o r e  
m us t  be h a n d l e d  i n  a l a r g e  number o f  c a t e g o r i e s  t h i s  
w i l l  a f f e c t  t h e  p ro b le m s  o f  l o a d i n g  f a c i l i t i e s  and u n ­
l o a d i n g  and s t o r a g e  f a c i l i t i e s .  The a r r i v a l  o f  many
t r u c k s  s p r e a d  o u t  o v e r  a  24- h o u r  p e r i o d  w i l l  r e q u i r e  a 
d i f f e r e n t  d e s i g n ,  and c o s t ,  o f  t h e  p o r t  f a c i l i t i e s  t h a n  
w i l l  t h e  a r r i v a l  o f  a  few t r a i n s  a t  l o n g e r  i n t e r v a l s .
3 .  The e f f e c t  o f  c h a n g e s  i n  s c a l e  o f  o p e r a t i o n .  I f  i t  be
37
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assum ed t h a t  t h e  e v e n t u a l  s i z e  o f  t h e  m in i n g  o p e r a t i o n s  
may d o u b l e ,  f o r  e x a m p le ,  t h i s  w i l l  r e q u i r e  e n l a r g e m e n t  
o f  t h e  f a c i l i t i e s  on b o t h  ends  and may r e s u l t  i n  t h e  
p h y s i c a l  o v e r l o a d i n g  o f  t h e  i n t e r v e n i n g  r o a d  o r  r a i l ­
r o a d ,  E n la r g e m e n t  c o s t s  may d i f f e r ,  a f f e c t i n g  t h e  r e l ­
a t i v e  s u p e r i o r i t y  o f  one sy s te m  o v e r  t h e  o t h e r ,
4o The s o c i a l  e f f e c t s  o f  e a c h  c h o i c e .  The b u i l d i n g  o f  e i t h e r  
a  l a r g e ,  h e a v y - d u t y  h ig h w a y ,  t o  c a r r y  h e a v y  t r a f f i c ,  o r  
o f  a  new r a i l r o a d  i n  an  h i t h e r t o  u n d e v e l o p e d  a r e a ,  i s  
s u r e  t o  c r e a t e  many new s o c i a l  p r o b le m s  and o p p o r t u n i ­
t i e s .  Not o n l y  s h o u l d  t h e  p r o p e r  c h o i c e  r e s u l t  i n  t h e  
l o w e s t  t o t a l  c a p i t a l  and o p e r a t i n g  c o s t s ,  i t  s h o u l d  a l s o  
c r e a t e  t h e  maximum o f  b e n e f i t  t o  t h e  a r e a  t r a v e r s e d .
5 .  The im p ro v e m e n ts  t h a t  m ig h t  be  o b t a i n e d  t h r o u g h  c h a n g e s  
i n  s i z e  o f  t h e  t r a n s p o r t a t i o n  e q u ip m e n t .  T h i s  work so 
f a r  h a s  b e e n  done on  t h e  a s s u m p t i o n  t h a t  5 0 - t o n  t r u c k s  
o r  c a r s  were  t h e  l a r g e s t  t h a t  c o u l d  be h a n d l e d  e f f e c ­
t i v e l y  o v e r  t h e  r o a d  o r  on t h e  m e t e r - g a u g e  r a i l r o a d . '
T h i s  a s s u m p t i o n  n e e d s  t o  be  v e r i f i e d  o v e r  t h e  r a n g e  o f  
a p p l i c a b l e  t e c h n o l o g y  and any  o p p o r t u n i t y  f o r  more e f ­
f i c i e n t l y  s i z e d  h a u l a g e  u n i t s  t o  be  u s e d  i n v e s t i g a t e d .
6 . The i n f l u e n c e  o f  v a r i o u s  l o c a l  c o n d i t i o n s  on  t h e  p e r f o r m ­
ance  o f  t h e  e q u ip m e n t  n e e d s  more s t u d y .  F o r  e x a m p le ,  h i g h  
a m b i e n t  t e m p e r a t u r e  may r e q u i r e  l o w e r  s p e e d  l i m i t s  t o  
p r e v e n t  r a p i d  t i r e  d e t e r i o r a t i o n .
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APPENDIX I
STANDARD SIMULATION PROGRAM TO 
DETERMINE AVERAGE HAUL TIMES
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OWNERSHIP AND OPERATING COST FOR A TRUCK
The c o s t  o f  m oving  a  c u b i c  y a r d  o r  t o n  o f  m a t e r i a l  i s  
d e t e r m i n e d  b y  d i v i d i n g  t h e  h o u r l y  c o s t  o f  o w n e r s h i p  and 
o p e r a t i n g  c o s t  (0  & 0 )  b y  t h e  h o u r l y  p r o d u c t i o n .
O w n ersh ip  C o s t
The o w n e r s h i p  c o s t  i s  t h e  sum o f  t h e  h o u r l y  c h a r g e s  f o r  
D e p r e c i a t i o n ,  I n t e r e s t ,  T a x e s ,  I n s u r a n c e ,  and S t o r a g e .
D e p r e c i a t i o n  The h o u r l y  d e p r e c i a t i o n  c h a r g e  i s  t h e  
d e l i v e r e d  p r i c e  o f  t h e  u n i t  ( l e s s  t h e  v a l u e  o f  t i r e s )  d i v i d e d  
b y  t h e  d e p r e c i a t i o n  p e r i o d  i n  h o u r s .  A s t r a i g h t  l i n e  m ethod 
w i t h  no s a l v a g e  o r  r e s a l e  v a l u e  i s  u s u a l l y  e m p lo y ed .
F i v e  i t e m s  a r e  n e c e s s a r y  t o  make t h e  d e p r e c i a t i o n  c a l ­
c u l a t i o n .  They a r e :
P u r c h a s e  p r i c e
E x t r a s
F r e i g h t
T i r e  C o s t s
D e p r e c i a t i o n  p e r i o d
P u r c h a s e  p r i c e  may be  t h e  d e a l e r ’ s q u o t e  o r  t a k e n  
d i r e c t l y  from c u r r e n t  l i s t s  o r  c a t a l o g s .
E x t r a s  i n c l u d e  o p t i o n s  and a t t a c h m e n t s  n e c e s s a r y  f o r
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t h e  m ac h in e  t o  p e r f o r m  w e l l  and n e c e s s a r y  f o r  t h e  c o m f o r t  
o f  t h e  o p e r a t o r .
F r e i g h t  c o s t s  c a n  he e s t i m a t e d  more a c c u r a t e l y  h y  p e r ­
s o n s  r e s p o n s i b l e  f o r  p a y i n g  th em .  I n  g e n e r a l  i s  r o u g h l y  
c a l c u l a t e d  @ $3*50  p e r  100 l b  s h i p p i n g  w e i g h t .
T i r e  c o s t s  s h o u l d  be o b t a i n e d  from t h e  l o c a l  t i r e  d i s ­
t r i b u t o r ,  I f  t h i s  i s  n o t  c o n v e n i e n t ,  i t  c a n  be e s t i m a t e d  
from h a n d b o o k s .
D e p r e c i a t i o n  p e r i o d  i s  d i f f i c u l t  t o  d e t e r m i n e  s i n c e  
u s e f u l  l i f e  c a n  e x c e e d  t h e  d e p r e c i a t i o n  p e r i o d  b y  a  c o n s i d ­
e r a b l e  amount i f  a  good p r e v e n t i v e  m a i n t e n a c e  p ro g ram  i s  
c a r r i e d  o u t .
I n t e r e s t ,  T a x e s ,  I n s u r a n c e ,  S t o r a g e  I n  d e t e r m i n i n g  t h e  
c o s t  o f  i n t e r e s t  on t h e  e q u ip m e n t  i n v e s t e d ,  c o s t s  o f  i n s u r ­
ance  premiums f o r  g e n e r a l  l i a b i l i t y ,  f i r e ,  and t h e f t ,  t a x e s  
o n  t h e  a s s e s e d  v a l u a t i o n  o f  t h e  e q u ip m e n t ,  and c o s t  o f  s t o r ­
ag e  o f  t h e  e q u ip m e n t ,  t h e  f o l l o w i n g  f o r m u l a  i s  u s e d :
.Hourly  C o s t  I n t .  P r e v a i l i n g :  RateCvf?) x Average  Y ear .  I n v e s t .
Tax ,  I n s u r ,  S t o r .  Hours o p e r a t e d  p e r  y e a r
The c u r r e n t  p r e v a i l i n g  r a t e  i s  13 p e r c e n t ,  made up o f  
9 p e r c e n t  f o r  i n t e r e s t ,  2 p e r c e n t  f o r  t a x e s ,  and 2 p e r c e n t  
f o r  i n s u r a n c e  and s t o r a g e .
To d e t e r m i n e  A verage  Y e a r l y  I n v e s t m e n t ,  s i m p l y  m u l t i p l y
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t h e  d e l i v e r e d  p r i c e  b y  50 p e r c e n t .
O perat in g  C o s ts
The h o u r l y  o p e r a t i n g  c o s t s  a r e  t h o s e  i n c u r r e d  w h i l e  
t h e  v e h i c l e  i s  w o rk in g  and i n c l u d e  t h e  f o l l o w i n g  i t e m s :
T i r e  r e p l a c e m e n t
T i r e  r e p a i r s
G e n e r a l  r e p a i r s
F u e l
S e r v i c e
O p e r a t o r
T i r e  r e p l a c e m e n t  c o s t s  a r e  e q u a l  t o  t h e  o r i g i n a l  c o s t  
o f  t h e  t i r e  d i v i d e d  by t h e  e s t i m a t e d  l i f e  o f  t h e  t i r e .  C o s t  
i s  o b t a i n e d  b y  t h e  l o c a l  t i r e  d i s t r i b u t o r .  The d e t e r m i n a t i o n  
o f  o r i g i n a l  t i r e  l i f e  i s  e x t r e m e l y  d i f f i c u l t  a s  i s  i n f l u ­
e n c e d  b y  many o p e r a t i n g  c o n d i t i o n s  s u c h  a s  s p e e d ,  g r a d e ,  
m a i n t e n a n c e ,  s u r f a c e ,  c u r v e s ,  and o t h e r s .  A method  o f  e s ­
t i m a t i n g  t i r e  l i f e  h a s  b e e n  d e v i s e d  where  a  maximum l i f e  o f  
6000 h o u r s  i s  m u l t i p l i e d  by  f a c t o r s  w h ic h  a c c o u n t  f o r  s p e e d ,  
c u r v e s ,  l o a d s ,  g r a d e s ,  and t h e  l i k e .
I t  i s  c u s t o m a r y  t o  a p p l y  a  c e r t a i n  m a r g i n  o f  s a f e t y  i n  
t h e  form o f  t i r e  r e p a i r  c o s t .
G e n e r a l  r e p a i r s  i n c l u d e  p a r t s  and l a b o r  c o s t s  i n v o l v e d  
i n  n o rm a l  m a i n t e n a n c e  and p e r i o d i c  o v e r h a u l  o f  t h e  v e h i c l e .  
G e n e r a l  r e p a i r s  s h o u l d  be b a s e d  on a c t u a l  e x p e r i e n c e . . How­
e v e r ,  an  h o u r l y  c h a r g e  c a n  be e s t a b l i s h e d  f o r  e s t i m a t i n g
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p u r p o s e s  by  u s i n g  t h e  h o u r l y  d e p r e c i a t i o n  c h a r g e  o f  t h e  u n i t  
a s  b e i n g  i n d i c a t e d  by  t h e  r e p a i r  c o s t s .  Wide e x p e r i e n c e  
shows t h a t  t h e  a v e r a g e  h o u r l y  r e p a i r  c o s t  c a n  be  d e t e r m i n e d  
v e r y  s i m p l y  a s  a  p e r c e n t a g e  o f  1 0 ,0 0 0  h o u r  d e p r e c i a t i o n  
c h a r g e .  S e l e c t i o n  o f  p e r c e n t a g e  t o  be a p p l i e d  i s  a  m a t t e r  
o f  j u d g e m e n t .
F u e l  c o s t s  a r e  b a s e d  on  l o c a l  r a t e s  and e n g i n e  f u e l  
c o n s u m p t i o n  r a t e .  E n g in e  c o n s u m p t io n  r a t e  d e p e n d s  on e n g i n e  
h o r s e p o w e r  and v e h i c l e  d u t y  c y c l e .
S e r v i c e  c o s t  i s  t h e  c o s t  o f  o i l ,  g r e a s e  and f i l t e r s ,  
and  t h e  l a b o r  i n c l u d e d  i n  p e r f o r m i n g  n o rm a l  s e r v i c e  i t e m s .
The amount c h a r g e d  f o r  t h i s  w i l l  v a r y  a c c o r d i n g  t o  t h e  f r e ­
q u e n c y  a t  w h ic h  t h i s  s e r v i c i n g  i s  done and b a s e d  on  t h e  l a ­
b o r  r a t e  a p p l i e d .  Most e s t i m a t o r s  a g r e e  t h a t  t h e  s e r v i c e  
c o s t  c a n  be  b a s e d  on  t h e  s i z e  o f  t h e  e n g i n e  i n  t h e  e q u ip m e n t .
O p e r a t o r  c o s t  v a r i e s  f rom  one l o c a t i o n  t o  a n o t h e r  b a s e d  
o n  r e a l  wage r a t e s .  O p e r a t o r  c o s t  s h o u l d  i n c l u d e  n o t  o n l y  
t h e  d i r e c t  wage,  b u t  a n y  b e n e f i t s  p a i d  by  t h e  company 
w h ic h  r e v e r t s  t o  t h e  o p e r a t o r .
The sum o f ' t h e  o p e r a t i n g  c o s t  and o w n e r s h i p  c o s t  g i v e s  
t h e  e s t i m a t e d  owning and o p e r a t i n g  c o s t .
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c A:- A A: -f:
C
c F f  OG
c AR E









C P F  "
C EX =
C FF: =
c h) i =
C AT 1
c T C =
c !-1 P --
C F 1 =
C F 2  -








C i' D =
c P  £■ --
c AV =
c o c  =
c TH =
c F  7  =
c HT =
c TL =
c T C S
c 7 Y i -
C F L  =
c G F  =
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I N P U T  V A R I A B L E S
p u r c h a s e  p k i c e  l $ j
O P T I O N A L  E O L I P A E U T  C Q S 1  L 2‘ J 
TRAM S P  QLTAT I OR CHAHGE* FF . EI  GHT LSD 
Cm p A C I  T * OF’ THUCK L T0*» SD 
ivUOBLR OF F E A R S  TO B E  DKPR EC I A 1  ED 
T I  R E S  CO SI '  LSD
Gi. OS S  H O R S E  POw EK TRUCK CHPD 
F h  ONT T I p . E S  F A C T O R  
RE AR T I R E S  F A C T O R  
F U E L  C O f t S O N P T I  ON F A C T O R  
F U E L  C O S T  C S / G A L L O R  D
G E N E R A T E D  V A R I A B L E S  AND R E S U L T S
DEL. I V L i•. E l) FT I C l1.. L A 3 
OF: I GI  S A L  VALUE. OF T I R E S  L 5- 3 
T OTAL AMOUNT TO BE! DE:PT EC I A I  ED LSD 
D E K f EC I AT I CV\i HE R  rF. 'Ali C S /  YEAR 3
LF i-T EC I A'J i  OR f E.T- ROLF:  L S / R O L L D
A VET-A GIL I U V E S T f r -'v T P E P  YEAR L 5VY5. AF3 
Ov, iVE.hSHIP C O S T  P E T  YEAH C S / Y F A P 3  
OF NEE S H I P '  COST TE R ROUP I S / R O U P  3 
E'E ( i;'v T T I  R E S L I F’E:
REAR T I  R E S  LIFT; ;
T I R E S  L I F E
T I R E S  C O S T  PKR HOLT-: C $ / ! -i OUR3 
I X R E S  K E P  AI  Ti C O S T  P E R  HOUR C ? / jT OUR 3 
 R E P A I R S  A L L  LABOR. C O S T  P E P  POUF  I S / H O  
F U E L  C OR S L E P T  I ON
C O S T  OF’ F U E L  P E R  GAL LOR I S / G A L L O P  3
C OS T OF LAuOF;  j 0 1 L > CL EA SE.» F t  C I S / h R  3
OF Er t AT I f t G  c o s t  P ER h o l d  c a /HOUR. 3 
T O T A L  O E N F R S h l P  AND OPEL A3 I N C  C O S T  P E
R  F  -Y- A '}■ -r- n-' >f P  ~Y- A' :t: A  ~-Y '-Y- -f; P  A' A' A- -Y P- £  -i- A' A- A' R  A- A' A’ +• R  •)" -N -'!■
*■ * -?■' * * ❖ * 
Ef ATI.MG
f \  U ' •
L O L -
LF 3
p  hi 0  UP.
 ̂:{: jf; >f-.
L l A L L S I O v  P P (  1 F ) A . a (  1 i.i) j  v h  C l ( ’ ) > T C (  I  ̂
1 T i (  i u ) , S T C  1 0 )  ̂ K Y ( 1 0 )
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hEADC 1 * 1 Cl;) ( hi- C I ) * ka C D *  K!-( D  * 1 C C X ) *
1 1 I ( D  * h  r  CD* ST C D  * A V C D  * I-= 1 * 3 )
i'l'.Ai- ( 1 * ‘d i l l : ) F 1 * F2 *  F 3 *  F1 A 
WRI TEC 6*  3 C O  
\v i i 11 P ( 0 * 3  ii) 1 )
C
C C O M P U T I N G  0 0  MET. S H I P  C O S T
C
DO ACC 1 = 1 * 3
DP = i-h( £ ) + L a  ( D  +FEC I  )
O v = T C ( 1 ) ^ 6 .
T'A = D P -  0  v 
* D= TA /  C a i  C D )
H D= I" D / o  7 6 0  •
Pi V = 0 3 * 0  * 5
0  C "  A V * T I  ( I  ) + Y D 
TH=AV/ *T X C l )  / 3  7 6 0  •
C
C C O M P U T I N G  O P E R A T I N G  C O S T
C
F T = F 1  *6 i . ; O0  .
KT = Fci * 6 0 C  0 •
T L =  C F'T + H T ) /P . *
T C 5 = 0 U / T d  
T H = T C S * 0  • 1 5
RL=C C D P - F h C  I  ) ) *  • 6 ) / I  5 0 0 0 .
G F = • 0  6 * H P (  I ) * F  3 
F  C = G F * F A 
O G = F C * . 3  3 3  
C 0 =  i C S + T h  + HL + FC + OG 
( ) 0=Tr i  + (J 0
W h I T P C  6*  5 0 0 ) C S T C l ) * OC* TH* CO* 0 0 )




10  0 F  OhM A T C 8  F )
2 0 0  FORMATC 4 F )
3 0 0  FORMATC / / *  » T h U C K  S D F ' * S X *  ' Q C M F R S H i P ' * 3X*
1 '  O v D E P S P I  h » * DA* * O P E K A T I  A1 G ’ * 3X * * T O T AL  COS T  * )
3 0 1  F Oi 'DATC i 3 a *  • C O S T / * E A R * * 3 a * * C O S T / H  0 U H * * 2 X *
1 ' C O S T / h  0 1 ‘K * * A a * * P E R  H Ol jF * )
5 0 0  r  OHM A T C / I  A * F 8 .  2  * A X * F 1 O • 8  * 5 a * F  6  • 2  * 6.X *
1 F 6  * 8 * /  A * r 6  * 8 )
S T O P  
Fi\j D
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OV O h r  i n  I h  D Or-}' . h' AT I Aj 6  C U b ’l ' b  l<! ih l h C C h b
I n  DC A  b  i  L. h
3 5* 0 6 
4b.CO 
• bn • On'
0 0  ’r ‘-.bHI b 
CObi / r  t
0 0 6 7 0 . 0 5
DO6 7 o .50
3 1 7  0 5 . 5 0
0 0  O h o  b r i  i  r  
(.; O b T / h O L  i
0 . 6 7
0 .63
0 . O /i
Oh?  F A T 1 0  0 *  
C O S ' l  / H O O h
5 . 0  3
5 . 0 7
7 • £ 8
7 01/Vl Cr 
h ? F b 0 i
5 . 7 '  -
6 . d  1
B .  P I
* O p e r a t i n g  c o s t s  do n o t  i n c l u d e  o p e r a t o r ’ s w a g e s .  They a r e  
c o n s i d e r e d  i n  t h e  c o s t  p e r  t o n  c a l c u l a t i o n .
ER-1556
APPENDIX I I I
PROBABILISTIC SIMULATION TO DETERMINE 










C NUMBTL — NUMBER OF TRUCKLOADS
c AVRGLT - AVERAGE LOADING TIME
c AVRGHT - AVERAGE HAULING TIME
c DELAYS - PERCENT DELAYS IN LOADING STATION
c FACTOl - FACTOR FOR LUNCH TIME AND STARTUP
c FACT02 - NUMBER OF SCHEDULED SH IF T S PER YEAR
c FACT 03 - STANDBY FACTOR FOR TRUCKS
c COSTOH - COST PER OPERATING HOUR FOR A TRUCK
G COST OF - COST PER SCHEDULED HOUR FOR A FOREMAN
C COSTOD - COST PER SCHEDULED HOUR FOR A DRIVER
C C OS TOW - COST PER SCHEDULED HOUR FOR A WORKER
C TDAOCO - TRUCK DEPRECIATION AND OWNERSHIP COST
c TONWAG - TONNAGE PER TRUCKLOAD
cp TOTTON — TOTAL TONNAGE TO BE HAULED PER YEAR
cp GENERATED VARIABLES
c SIGMAL - STANDARD DEVIATION OF LOADING TIME
c SIGMAH - STANDARD DEVIATION OF HAUL TIME .
c AMINLT - MINIMUM LOADING TIME
c AMINHT T* MINIMUM HAULING TIME
c F I R S T - NUMBER OF TRUCKS FOR F IR S T  SIMULATION
c TRU<N> - TRUCK NUMBER N
c HAULT “ HAUL TIME
c TLOAD - LOADING TIME
c J - NUMBER OF TRUCKLOADS
c THAULT TOTAL AHUL TIME
c TLOADT ~ TOTAL LOADING TIME
c R - RANDOM NORMAL NUMBER
c DELMIN - MINIMUM DELAYS
c TRUOPC - TRUCK OPERATING COST
c TRUSHC - TOTAL SCHEDULED COST
c TOTDOC - TOTAL DEPRECIATION AND OWNERSHIP COST
c C P T C I) - COST PER TON FOR ( I )  TRUCKS
c • TIMEHO - HOPPER OPERATING TIME
c TOTTHO - TOTAL HOPPER OPERATING TIME
c
c
























DIMENSION TRUC1 1 0 ) *  CPTC 1 1 0 )
READC 1* 1 0 0 0 ) NUMBTL.* AVRGLT# AVRGHT* DELAYS# FACTOl* FACT02#
1 COST OH# COSTOF> COSTOD* COSTOW*TDAOCO#FACT03# FACT04#
2  TONNAG# TOTTON
SIGMAL=. 1 0 * AVRGLT 
SIGMAH=. 1 2*AVRGHT 
AMINLT=. 8 0 * AVRGLT 
AMINHT=* 8 0 * AVRGHT
WRI TEC 6# 9 9 9  )
FIRST=AVRGHT/C AVRGLT*4>- 1 .
K =FIRST  
M=K*15  
DO 10  I=K#M 
DO 2 0  N = l #  I 








DO 1 3 0  N - 1 # I 
J=J+1
DEL TAT= TIMEH 0 - TRUC N >
IF C D E L T A T )50#  3 6 0 #  4 0  
TRUC N)=TRUC N ) + DELTAT 
GO TO 3 6 0
TOTIHO=TOTIHO-DELTAT  
TIMEH0=TIMEH0 - DELTAT 
CALL RANDOMCSIGMAL#AVRGLT#R>
IFC R-AMINLT) 6 0 # 6 0 0 #  6 0 0  
TLOAD=AMINLT 
GO TO 7 0  
TLOAD=R
TRUC N)=TRUCN)+TLOAD  
TIMEH 0=TIMEH O+TL OAD 
TL OA DT=TL OA DT+TL OAD
CALL RANDOMCSIGMAH#AVRGHT#R)
IFC R-AM IN H T)8 0# 9 0 #  9 0  
HAULT=AMINHT 
GO TO 5 0 0  
HAULT=R
TRUC N)=TRUC N> +HAULT 
I F C N - 1 ) 1 0 0 # 1 0 0 # 1 1 0  
IFC TRUC N>-TRUCI > ) 1 2 0 # 1 3 0 # 1 3 0  




GO TO 1 3 0  
1 4 0  HAULT=HAULT+TRUCN-1 ) -TRUC N)
TRUC N ) =  TRUC N - 1)
1 3 0  THAULT-THAULT+HAULT
111  I F C J - N U H B T L ) 1 5 0 , 1 6 0 , 1 6 0
1 6 0  DELHIN=TLOADT*DELAYS
17 0 IFC T O T IH O -D E L H IN )1 8 0 ,  1 9 0 , 1 9 0
1 8 0  TGTTHO=C TLOADT+DELHIN)*FACTO1
C
1 9 0  T OTTHO=C TLOADT+TOTIHO)*FACT01
C
C
2 3 0  T R U 0PC =FA C T 02*C 0ST 0H *8  **C THAULT/TOTTHO)
P I = I
T R U S H C = F A C T 0 2 * 8 .* C C 0 S T 0 F + C 0 S T 0 W + P I * C 0 S T 0 D )
TOTDOC=TDAOC 0 * FACT0 3 * PI  
A J = J
TOTPRO=AJ*TONNAG*FACTO2*8.*60 . /T OTTHO  
2 4 0  CPTCI ) = CTRUOPC+TRUSHC + TOTDOC)/TOTPRO
C
WRITEC 6 , 3 0 0 0 ) TONNAG 
WRITEC 6 , 2 0 0 0 ) I , C P T C I )





9 9 9  F ORHATCIX,* TRUCK SIMULATION AND COST PER TON CALCULATION*)
1 0 0 0  FO R M A T C I ,14F)  ,
2 0 0 0  F0RHATC7X,1SHNUMBER OF TRUCKS = , 1 8 , / , 1 I X ,
1 14HC0ST PER TON = , F 1 3 . 4 )
3 0 0 0  FORHATC1 5 X , / / / , 25H TRUCK CAPACITY IN TONS = , F 1 1 . 2 )
4 0 0 0  FORHATC 5 X , 2 0 H  ANNUAL PRODUCTION = , F 1 0 * 1 )
STOP
END
SUBROUTINE RANDOMCSIGHAL,AVRGLT,R)  
A=0 ♦
X = 0 .
DO 1 5  1 = 1 , 1 2  
X=RANC 0 • )





TRUCK SIMULATION AND COST PER TON CALCULATION
TRUCK CAPACITY IN TONS * 5 0
NUMBER OF TRUCKS = 2 6
COST PER TON = 2 . 0 8 6 9 6
ANNUAL PRODUCTION = 9 5 0 9 3 0 . 8
TRUCK CAPACITY IN TONS = 5 0
NUMBER OF TRUCKS = 2 7
COST PER TON = 2 . 0 8 3 8 1
ANNUAL PRODUCTION = 9 8 8 7 1 0 . 9
TRUCK CAPACITY IN TONS = 5 0
NUMBER OF TRUCKS = 2 8
COST PER TON = 2 . 0 8 2 7 0
ANNUAL PRODUCTION » 1 0 2 4 4 9 7 . 4
TRUCK CAPACITY IN TONS * 5 0
NUMBER OF TRUCKS = ' 2 9
COST PER TON = 2 . 1 0 0 6 9
ANNUAL PRODUCTION = 1 0 4 8 3 1 3 . 6
TRUCK CAPACITY IN TONS 
NUMBER OF TRUCKS 
COST PER TON 
ANNUAL PRODUCTION
5 0  
3 0  
2 . 0 9 1 1 6
1 0 9 2 8 6 1 . 0
TRUCK CAPACITY IN TONS 
NUMBER OF TRUCKS 




2 . 0 9 7 3 0
1 1 2 4 7 2 4 . 2
TRUCK CAPACITY IN TONS = 5 0
NUMBER OF TRUCKS = 3 2
COST PER TON = 2 . 0 9 7 8 1
ANNUAL PRODUCTION = 1 1 5 9 3 8 8 . 4
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TRUCK CAPACITY IN TONS = 5 0
NUMBER OF TRUCKS = 3 3
COST PER TON = 2 .
ANNUAL PRODUCTION = 1 1 8 6 0 0 1 .
TRUCK CAPACITY IN TONS = 5 0
NUMBER OF TRUCKS = 3 4
COST PER TON = 2 .
ANNUAL PRODUCTION = 1 2 1 3 7 2 2 .
TRUCK CAPACITY IN TONS = 5 0
NUMBER OF TRUCKS = 3 5
COST PER TON = 2 .
ANNUAL PRODUCTION = 1 2 5 1 1 6 6 .
TRUCK CAPACITY IN TONS = 5 0
NUMBER OF TRUCKS = 3 6
GOST PER TON -  2 .
ANNUAL PRODUCTION = 1 2 9 4 7 8 2 .
TRUCK CAPACITY IN TONS = 5 0
NUMBER OF TRUCKS = 3 7
COST PER TON = 2 .
ANNUAL PRODUCTION = 1 3 0 9 8 7 1 .
1 1 3 8 7  
4
1 2 1 3 6
8
1 2 0 9 8
0
1 1 0 9 2
5









ROAD PAVING COSTS ESTIMATES
Road p a v i n g  c o s t s  e s t i m a t e s  a r e  "based on d a t a  f u r n i s h ­
e d  b y  t h e  C o lo ra d o  D e p a r tm e n t  o f  H ighways.  F i g u r e s  c o r r e ­
spo n d  t o  t h e  y e a r  o f  1 9 72 .
Due t o  much h i g h e r  l a b o r  c o s t s  i n  t h e  U. S.  A. t h i s  
e s t i m a t e  s h o u l d  have  l o w e r  numbers  f o r  B o l i v i a n  p a t t e r n s ;  
h o w e v e r ,  b e c a u s e  o f  t h e  s p e c i a l  c o n d i t i o n  o f  t h i s  s p e c i f i c  
p r o j e c t  o t h e r  i t e m s  a r e  i n c r e a s i n g l y  h i g h e r ;  s o ,  a f t e r  an  
a n a l y s i s  o f  t h e  s i t u a t i o n ,  i t  was c o n c l u d e d  t h a t  t h e  a v e r ­
ag e  c o s t  t a k e n  i n t o  a c c o u n t  i s  c l o s e  enough  f o r  t h e  e s t i m a t e .
C o s t s  i n c l u d e  a l l  c o n s t i t u e n t s  o f  t h e  way pavem en t  
c o m p l e t e  i n  p l a c e ,  b u t  do n o t  i n c l u d e  10 p e r c e n t  f o r  e n g i ­
n e e r i n g  and c o n t i n g e n c i e s .
E s t i m a t e s  a r e  c a l c u l a t e d  a s  f o l l o w s :
B ecause  o f  t h e  h e a v y  l o a d s  t o  be s u s t a i n e d ,  a  t h i c k ­
n e s s  o f  5 - i n .  p avem en t  i s  a d v i s a b l e  t o  u s e .  Under s u c h  c o n ­
d i t i o n s  :
A verage  c o s t  p e r  s q u a r e  y a r d  p e r  i n c h  
o f  t h i c k n e s s  f o r  5 - i n .  h o t  b i t u m i n o u s
p av em en t  i s  $ 0 . 5 0
C o s t  p e r  s q u a r e  y a r d  f o r  a  5 - i n 0 t h i c k
n e s s :  $ 2 .5 0
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Road c h a r a c t e r i s t i c s :
L e n g th  : 68 m i l e s  -  1 1 9 ,6 8 0  yd
Width  : 39 f t  -  13 yd
A rea  : 1 , 5 5 5 , 2 4 0  s q - y d
T o t a l  c o s t  68  m i l e s
A m o r t i z a t i o n  p e r i o d
A nnua l  a m o r t i z a t i o n
A nnua l  d i f f e r e n c e  i n  c o s t  t r a n s ­
p o r t a t i o n  b e tw e e n  paved  and u n p a v ed  
r o a d  ( f ro m  T a b le  6 . )
R e t  a n n u a l  s a v i n g s
A nnua l  S a v i n g s  p e r c e n t a g e
$2 , 8 8 7 , 0 0 0 .0 0
10 y e a r s  
$ 2 8 8 ,7 0 0 . 0 0
$  6 9 5 , 9 9 3 . 0 0
$ 4 1 7 , 2 9 3 . 0 0
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5 0 1 6 0 0 6  . 4  6 . 5  2  6  3  . 6 8 4 5  5 4  fc 5  0 9 8 3  1 3 o ?-
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6 5 9  6  4 t-3 • 1 6  . 1 0  1 6  0  • 6 0 4  /; 5 0 e i /  "J • 5 4  0 0  6 9 i
6 6 3 9  3 7 6; • 7  6  • 1 0 2  3 8 . 6  0 3  4 3 8 1 1 1 8  . fc 4 1  1 5 7 fc
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APPENDIX V
R a i l  H au lage  C o s t  A n a l y s i s
E quipm ent  S e l e c t i o n  R a i l  h a u l a g e  e q u ip m e n t  i s  s e l e c t e d  
b a s e d  on  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :
R o l l i n g  stock
A diesel-electric locomotive is selected. Prom travel 
time study a 120-ton unit is the most convenient for this 
study.
C a r s :  5 0 - t o n  c a p a c i t y
w e i g h t  e m p ty :  25 t o n s  
A n t i f r i c t i o n  b e a r i n g s  
S id e  dump c o n s t r u c t i o n
Time d a t a :  f rom c o m p u te r  i n f o r m a t i o n  i t  c a n  be  s e e n  t h a t  
a  3 0 - c a r  t r a i n  c a n  s a f e l y  make a r o u n d  t r i p  p e r  
s h i f t .  So,  a l o c o m o t i v e  w i l l  be  c a p a b l e  t o  make 2 
t r i p s  p e r  d ay
One train will haul 1500 tons p e r  shift.
Transportation of 3680 tons will require
368O/1 5 0O = 2.46 train shifts p e r  day
T a k in g  a 90 p e r c e n t  l o c o m o t i v e  a v a i l a b i l i t y  t h e  number
of locomotives needed is two. .
Assuming an  a v a i l a b i l i t y  of 86 p e r c e n t  f o r  dump c a r s
M in in g  r a t e  p e r  y e a r  
M in in g  r a t e  p e r  day  
Working days  p e r  y e a r  
S h i f t s  p e r  day
1 , 1 0 3 , 0 0 0  t o n s  




t h e  q u a n t i t y  r e q u i r e d  t o  p e r m i t  o p e r a t i o n  o f  two 3 0 - c a r  
t r a i n s  w i l l  h e :
(3 0  x 2 ) / 0 * 86 6 9 . 8
P u r c h a s e  o f  70 c a r s  i s  recommended.
I f  t h e  a n n u a l  p r o d u c t i o n  were  t o  i n c r e a s e ,  t h e  2 l o c o ­
m o t i v e s  w i l l  s t i l l  be  c a p a b l e  o f  h a u l i n g  h i g h e r  t o n n a g e s .
Ow nersh ip  C o s t s  E s t i m a t e  o f  i n v e s t m e n t  r e q u i r e d :
2 l o c o m o t i v e s  © $ 2 4 0 ,0 0 0  e a c h  $ 4 8 0 , 0 0 0 . 0 0
70 c a r s  © $ 1 8 ,0 0 0  e a c h  1 , 2 6 0 , 0 0 0 . 0 0
T r a c k  g r a d e  c o n s t r u c t i o n  p l u s  j u n g l e
c l e a r i n g :  68 m i l e s  @ $ 8 ,7 5 0  p e r  m i l e  5 9 5 , 0 0 0 . 0 0
L in e  t r a c k :  68 m i l e s  o f  1 3 3 - l b  r a i l  
8 - i n .  x  1 0 - i n .  x 8 f t  t r e a t e d  t i e s  ©
,0 0 0  p e r  m i l e  5 , 7 8 0 , 0 0 0 . 0 0
R a i l w a y  s i g n a l s  1 0 0 , 0 0 0 . 0 0
C om m unica t ion  f o r  t r a i n s  1 5 , 0 0 0 . 0 0
T r a c k  m a i n t e n a n c e  m a c h in e s  1 4 0 , 0 0 0 . 0 0
L oco m ot ive  r e p a i r  shop  1 5 0 , 0 0 0 . 0 0
Dump c a r  r e p a i r  shop  5 0 . 0 0 0 . 0 0
T o t a l  i n v e s t m e n t  $ 8 . 5 7 0 . 0 0 0 . 0 0
1 .  D e p r e c i a t i o n
a )  T o t a l  o w n e r s h ip  c o s t  $ 7 , 7 7 5 * 0 0 0 . 0 0 *
* T o t a l  i n v e s t m e n t  m inus g r a d e  
c o n s t r u c t i o n  and shop  c o s t s .
b )  A p e r i o d  o f  15 y e a r  a p p l y i n g  t o  a l l  
r a i l  h a u l a g e  e q u ip m e n t  i s  u s e d .
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Assume t h a t  m in i n g  o p e r a t i o n s  
4800 h o u r  p e r  y e a r .
c )  H o u r ly  d e p r e c i a t i o n  c o s t
T o t a l  o w n e r s h i p  c o s t
H o u r ly  d e p r e c i a t i o n  c o s t  =  --------------------------- —
T o t a l  h r s  i n  d p r .  p e r i o d
d)  D e p r e c i a t i o n  c o s t  p e r  t o n  o f  a n n u a l  p r o d u c t i o n  
s c h e d u l e d :
$ 7 , 7 7 5 , 0 0 0
---------------- — ------- — - =  $ 0 . 4 7 / t o n
1 , 1 0 3 , OOOtons x 1 5 y r
2 .  I n t e r e s t ,  T a x e s ,  and I n s u r a n c e
The f o l l o w i n g  v a l u e s  a r e  commonly u s e d :
f o r  n  =  15 y e a r s
A verage  a n n u a l  i n v e s t m e n t  =  5 3 .3 $
T h e r e f o r e ,  a l l o w a n c e  f o r  i n t e r e s t ,  t a x e s  and i n s u r a n c e  
i s  10 p e r c e n t  o f  a n n u a l  i n v e s t m e n t .
7 , 7 7 5 , 0 0 0
1 0 7 . 9 9 / h o u r
15 x 4800
I n t e r e s t
Taxes
I n s u r a n c e
T o t a l 10$
n -  1
Average  a n n u a l  i n v e s t m e n t — (■ x 1 0 0 )  $  o f  t o t a l  i n v e s t
2n
0 . 1 0  x 0 .5 5 3  x 7 , 7 7 5 , 0 0 0
C o s t / h o u r  =  ----------------------------------------------  — $ 8 7 . 2 7 / h o u r
4800 h o u r / y r
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Op e r a t i n g ;  C o s t s  F u e l  o i l  c o n s u m p t io n  i s  t h e  
m o s t  r e l i a b l e  i n d i c a t o r  o f  t h e  g r o s s  work p e r f o r m e d  b y  a 
d i e s e l - e l e c t r i c  l o c o m o t i v e .  F u e l - o i l  e x p e n s e  i s  r o u g h l y  
20 p e r c e n t  o f  t h e  c o s t  o f  l o c o m o t i v e  o p e r a t i o n  and m a in ­
t e n a n c e .  O th e r  e x p e n s e  e l e m e n t s  a l s o  v a r y  i n  a c c o r d a n c e  
w i t h  work p e r f o r m e d  , b u t  n o t  i n  d i r e c t  p r o p o r t i o n .  The 
f o l l o w i n g  r a i l  h a u l a g e  o p e r a t i n g  c o s t  r e l a t i o n s h i p s ,  d e ­
r i v e d  from e x p e r i e n c e  seems t o  be  r e a l i s t i c  f o r  t h i s  e s ­
t i m a t e  :
F u e l  o i l  c o s t  
L o co m o t iv e  o p e r a t i n g  c o s t  
L o co m o t iv e  r e p a i r  c o s t  
T r a c k  m a i n t e n a n c e  c o s t  
Car m a i n t e n a n c e  c o s t  
T r a i n  t r a f f i c  c o n t r o l  c o s t
20$ o f  l o c o  o p r  & r e p  c o s t
:<Z n n ii
1 2 0$
50$
1 .  L o com o tive  o p e r a t i n g  and r e p a i r  c o s t
a )  F u e l - o i l  c o s t
F o rm u la  f o r  g r o s s  work d o n e ,  e x p r e s s e d  i n  t h o u s a n d s  
o f  f o o t  t o n s
M f o o t  t o n s
10003
(T + W)(L + 2 6 . 4H) + 1 5 0 ,0 0 0
w h e r e :
N i s  number o f  t r i p s  i n  p e r i o d .  Say one o p e r a t i n g  day  
p e r i o d  o f  16 h o u r s
3 6 8 0 tp d
T r i p s  p e r  day  =  -------------------------------  =  2 .4 5
30 c a r s  x 5 0 - t o n s
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S i s  number o f  l o c o m o t i v e  s h i f t s  worked p e r  d a y :  3
T i s  n e t  t o n s  h a u l e d  p e r  t r i p :  1500
W i s  w e i g h t  o f  l o c o m o t i v e  p l u s  empty  c a r s  i n  t o n s :  
L o c o m o t iv e :  120 
Empty c a r s :  750
71: 870 t o n s
L i s  l i f t  i n  f t .  I t  i s  assumed .50 f t  l i f t  i n  t h i s  work
H i s  h a u l  l e n g t h  i n  m i l e s :  68 m i l e s
2 6 .4  i s  a  c o n s t a n t  d e r i v e d  u s i n g  a  t r a i n  r e s i s t e n c e  
o f  10 l b / t o n
(5 2 80  x 1 0 ) / 2 0 0 0  : 2 6 .4
1 5 0 ,0 0 0  i s  a  l e n g t h  o f  empty  h a u l  on l e v e l  t r a c k  i n  f t
T h e r e f o r e :
2 . 4 5  
1000 x 3
M f o o t  t o n s  3 ,6 9 4  Pe r  l o c o m o t i v e  s h i f t  p e r  day  
Each g a l l o n  o f  f u e l  o i l  w i l l  p r o d u c e  a b o u t  1 1 ,5 0 0  f o o t  
t o n s  o f  g r o s s  work ,  t h e r e f o r e ,  t o t a l  d a i l y  f u e l  c o n ­
s u m p t io n  i s :
[ (1500 + 8 7 0 ) ( 5 0  + 2 6 .4  x 68 )  + 150 ,  OOOj
3 , 6 9 4 , 0 0 0  x 3
1 1 ,5 0 0  9 ‘ g a ~
Assuming f u e l  o i l  c o s t  a s  $ 0 . 1 6 / g a l ,  i t s  c o s t  p e r  h o u r
o f  o p e r a t i o n  o v e r  a  p e r i o d  o f  a y e a r  would b e :
964 x 0 .1 6  x 300 days
------------------------------------------- —$ 9 , 6 4 /  h o u r
4 8 OOhour s / y e  a r
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The o p e r a t i n g  and r e
b )  L ocom otive  o p e r a t i n
1.00
9 .6 4  x  =
0 . 2 0
Loco o p e r a t i n g  :
Loco r e p a i r s  :
T r a c k  m a i n t e n a n c e  :
Car m a i n t e n a n c e  :
T r a f f i c  c o n t r o l  :
R e c a p i t u l a t i o n
D e p r e c i a t i o n
I n t e r e s t ,  T a x e s ,  I n s u r a n c e  
T o t a l  O w nersh ip  C o s t
Loco o p e r a t i n g  
Loco r e p a i r s  
T r a c k  m a i n t e n a n c e  
Car m a i n t e n a n c e  
T r a f f i c  c o n t r o l
T o t a l  Opr .  & Rep.  C o s t s
T o t a l  O w n ersh ip ,  R e p a i r  
and O p e r a t i n g  C o s t s
i r  c o s t s  a r e  t h e n  com p u ted :  
and r e p a i r  c o s t
$ 4 8 , 2 / h o u r
4 3 . 2 X 0 ,.75 =  $ 3 6 , . 1 5 / h r
4 8 . 2 X 0 ,.25 =  $12,, 0 5 / h r
4 8 . 2 X 1 . ,20 = 857,, 8 4 / h r
48 . 2 X 0 ,.50 = $18, , 0 0 / h r
4 8 . 2 X 0 ,,10 =  $  4 , , 8 2 / h r
P e r  Hour P e r  t o n
$ 1 0 7 .9 9 0 . 4 7
8 7 .2 7 0 . 3 8
$ 1 9 5 .2 6
inCO•oaV??
3 6 .1 5 0 .1 6
1 2 .0 5 0 .0 4
5 7 .8 4 0 . 2 5
1 8 . 0 8
00o.o





$ 1 2 8 .9 4 $ 0 . 5 5
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